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PREFACE

This handbook is the first of a planned series on Guns. It is part of a group
o handbooks covering the engineering principles and fundamental data needed
in the development of Army matericl, which (as a group) constitutes the Engincer-
ing Design Handbook Series. This handbook presents information on the funda-
mental operating principles and design of gun tubes.

This handbook was prepared by The Franklin Institute, Philadelphia, Penn-
sylvania, for the Engineering Handbook Officc of Duke University, prime con-
tractor to the Army Rescarch Office—Durham. The Guns Series is under the
technical guidance and coordination of a special committee with representation
from Frankford Arseiial of the Munitions Command; and Springficld Armory
and Watervliet Arsenal of the Weapons Command. Chairman of this committee
is Mr. Anthony Muzicka of Watervliet Arsenal.

Agencies of the Department of Defense, having need for Handbooks, rnay
submit requisitions or official requests directly to Equipment Manual Field Office
(7), Letterkenny Army Depot, Chambersburg, Pennsylvania. Contractors should
submit such requisitions or requests to their contracting officers.

Comments and suggestions on this handbook are welcome and should be
addressed to Army Rescarch Office—Durham, Box CM, Duke Station, Durham,
North Carolina 27706.
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CHAPTER 1
INTRODUCTION

A. SCOPE AND PURPOSE

1. The term gun tube, or =muply tube, is used
throughout thix handbook to designate the prin-
cipal part of a gun; i.e., that part which discharges
the projectile. Tt 1s used in its general application
without limitation as to caliber, and embraces the
terms gun barrel or barrel frequently employed,
espeeially in small arms ferminologv. The material
i this handbook discusses procedures for the design
of the various types of gun tubes. It is intended to
present various problems facing the tube designer
and in thix light diseusses the present approach in
tube design. This handbook should prove helpful
in familiarizing new personnel with the many phases
of tube design and alzo should he a useful reference
for the experienced.

B. FUNCTIONS

2. The tube iz the primary component of a gun.
Basically it 1s a tubular pressure vessel, closed at
the breech and open at the muzzle; except In a
recoilless gun in which the breech also has controlled
openings. The tube determines the initial activities
of the projectile. Before firing, it provides space for

the complete round. During firing, it restrains the
propellant gas i all directions except that of pro-
jectile travel, thus direeling the impetus of the gas
against lhe projectile. In recoilless guns part of the
gas impetus is direeted rearward to counteract recoil.
The azimuth and clevation determine the direetion
d flight. In rifled tubes the rifling imparts the neces-
sary rotation for projectile stability. In brief, the
mission of the tube is to direct the projectile toward
the target with a specified velocity

C. TYPES OF GUNS

3. Generally, the tube bears the label of the
weapon. Tubes arc placed in three general classes,
namely : artillery, small arms, and recoilless. Artillery
ecludes guns of over 30 mm in bore diameter, such
as guns, howitzers and mortars, Small arms include
automatic and semiautomaltie, single fire, guns which
generally do iiot execed 30 mun in caliber. A few
automatic weapons of caliber larger than 30 mm,
such as the 37 mm Vigilante and the 90 mm Sky-
sweeper, make specific classification difficult. Re-
coilless guns arc those of any calihcr n-hose recoil
forees are neutralized by the reactioii of propellalit
gas escaping rearward.



CHAPTER 2
REGIONS OF THE GUN TUBE

4. A gun tube may be divided into four regions:
the front portion or bore through which the pro-
jectile travels when the round is fired; the rear
portion or chamber which houses the round before
firing; the rear opening or breech through which the
ammunition is loaded; aiid the ‘front opening or
muzzle from which the projectile cmerges. In re-
coilless guns the rear opening or iiozzlc provides
for recoillessness. Exceptions do prevail with respect
to the functions of these regions particularly with
breech opening and loading technique. 1ot example,
most mortars arc muzzle loaded and have per-
matiently elosed chambers. Figure 1 is a typieal tube
showing the regions applicable to conventional gun
tubes,

A. CHAMBER

5. After loading but priov to firlng, the part of
the projectile forward of the rotating band or its
equivalent is located in the bore, and in the case of
recoilless ammunition, the pre-engraved band also
rests in the bore. The remainder of the round restix
in the chamber, which, except for revolver type
guns, 1s integral with the bore and consists of the
chamber body, the first shoulder, the centering
eylinder for artillery or the neck for :mall arms,
the sccond shoulder, bullet seat, and the forcing
cone, (Fig. 2a). The foreing cone i¢ a conieal frustum
whose slope extends through the origin of rifling
and interseets the borve surface. Fngraving of the
rotating band occurs here. The seetion inmmediately
to the rear of the bullet seat is called the centering
evlinder or neck. It is just large enough (0 receive
the rotating hand or the neck of the cartridge casc.
This feature i< not always found in heavy artillery

tubes. The main and largest compartment, the
chamber body, houses the propellant and igniter.
Parts b, ¢, d, and e, of Figure 2 show complete
rounds positioned i1 various tube chambers. Artillery
tubes using separate loading ammunition have the
inner chamber wall cylindrieal or conical, the mini-
mum diameter of cither contour being limited to
the maximum diameter of the foreing cone. If
conical, the Inner swrface may be the extension of
the forcing cone. On the other hand, for tubes firing
fixed and semifixed mimmunition, the clearances be-
tween chamber and carridge case and the slopes of
the chamber walls are critical, since the cartridge
case walls, by expanding, scal in the propellant
gases, bul must recover sufficiently after firing o
axsure casv case extraction. This is particularly
true in small arms where small clearances are de-
sired along the tapers ineluding those in which a
definite longitudinal interference is desired at the
first shoulder. During loading, the foree of the
breeehbloek may actually collap=e the case shightly
in this region to obviate the likehhood of axial
fallure of the case. This collapsing action is called
erush-up and contributes to ecasy ease extraction.

B. BREECH RING ATTACHMENT

(6. The chamber is closed by a Dbreechblock or
bolt or, ax in recoilless weapons, by the nozzle unit,
A breech ring supports the breechblock. The breech
ring 15 threaded to the outside of the chamber wall,
[t= counterpart in some =mall arms is the receiver
which houses the bolt. The nozzle unit of a recoilless
tube may be attached directly 1o the rear of the
chamber wall or to a modified breech ring. These
clementx are attached to the tube =0 that the re-

BREECH
"E RIFLED BORE MUZZLE
A AN \ \ = /f\t\’}\_; =
CHAMBER — %/,/,_/» S —
. AN \ Ny N N N . N
AN
FIGURL L. Typical Gun Tube Showiny Regions.



stltant gas foree applied to them may be transmitiee
to the tube. Thus, tube and Dreeeh assembly act
as 4 unit in transmittimg the resultant foree 1w the
structure supportmg the tube.

C. 20RE

-~

7. The bore is formed by the umer surface of a
circular evlinder. It is the accelerating tube for (he
projectile. Farly fircarms were smooth bore and
inherently inaceurate. Eventually, ¢ither by aceident
or design, it was discovered that spiuning the pro-
jeetile about the flight axis inereaxed accuracy.
Several methods have been introdueed 1o achieve
thi~ rotation. One method utilizes the hehavior of
air impinging on canted fins attached 1o projectiles
sieh ax projectiles fired from smooth bore mortars.
Another wethod zes rifling to impart the rotation.
Rifling consistx of splnes which spiral along the
bore surface. The raised portions are called lands.
the spaces hetween them are called grooves, The
spiral may have a constant angle of twist, i.c., a
helix, or 1t may have a variable angle of twist con-
forming to some exponential expression. As the
projectile moves through the hore, it turns with the
rifling at an angular velocity proportional to the
linear velocity and to the tangent of the angle of
twist.

8. Confact with the rifling s assured by having
the diameter of the jacket of a bullet or the rotating
band of a larger projectile at least equal to the groove
diameter. Then, just as the projectile starts to move,
the band or jacket is forced mto the rifling. This
process 1= called engraving and 1akes place at the
beginning, or origin, of rifling. For recoilless guns,
rotating bands are preengraved to chiminate the
large engraving forces which are undesirable in this
type weapon. Some mortar projectiles have a flaired
skirt, or sabot, at the base whicell is pressed into the
rifling by the propellant gas pressure. Rotating

oooreativey soft materiad which
are woelted, tunaes, o mechanically attacned to the
projectde. dackets may be considered asx bands
which cover the bullets completely. Either jacker,
rotating band, or sabot 1% necessary to trausmit 17
the projectile the angular aceelerating force imduced
by the rifling. and 1o serve as a seal to prevent pro-
pellant gases from  escaping pas: the projectile.

ban s oo tur

9. Tapered bores 1xquecze bores) have been used
in the past as a means to inerease muzzle veloeity.
An oversize bore at the chamber was gradually
tapered to a much snraller diameter near the muzzle.
The larger bore diameter exposed a larger pressurce
area 1o the propellant gases therehy inereasing the
projectile aceeleration. The projeetile relied on {wo
rotating bands having oversized diameters to keep
it centered and i ocontact with the rifling. The
bands, spaced far enough apart to Jorm an effective
wheelbase, were squeczed mward toward the base
of the projectile as it traveled along the tapered
bore. Thiz concept was proved impractical and now
has no more than historical significance. A more
logical use of the tapered bore is that practiced in
small arms. In order to decrease its diameter slightly
as the muzzle is approached, the bore is provided
with a shallow taper along itx entire length. This
design concept, better known as choke hore, hasx
been adopted to compensate for the antieipated
erosion. In shotguns, choke hore i~ applied to a
short distance at the muzzle to coutrol the area of
spread, or shot pattern.

D. MUZZLE

10.  The muzzle end of the tube serves as the at-
tachiment for front sights, blast deflectors, and
muzzle brakes. Blaxt deflectors do not apply severe
loads 1o the tube. However, muzzle brakes develop
large forces which wsnadly are transmitted to the
tube by a threaded attachment near the muzzle.
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CHAPTER 3
TYPES OF GUN TUBES

L1, Gum tubes are generally classified accordiiig
to weapon, i.c., artillery tubes, small arms tubes,
and rccoilless tubes. Each is subdivided according
to method of construction although a particular
constriction need not be confined to aiiy oiic weapon
type.

A ARTILLERY TUBES
1. Monobloc Tube

12, Artillery tubes fall iiito two categories, nrono-
bloe and jacketed. The true monobloe tube (Ifigure 1)
is made of one picce of material. A variant is the
liiicd tube which deviates oiily slightly in prineiple
from the true monobloe because the liner is usually
iiot a major coiitributor of strength to the tube wall.
Liners may be axsembled by shriiik fit or they may
be a loose fit. They may extend aloiig the full Iciigth
of the bore or for only a short distance at and beyond
the origin of rifling where erosioiils most =evere.
Liners may prolong tube life by being madc of
niatcrial which is highly resistant to erosion. Loose
fittiiig liners prolong tubc life by being replaceable
in the field. Most of the shriiik fitted type scrve
throughout the life of the tube. The length is de-
termined by the ability to maintain proper clearances
while the liner is being inserted into the tube.

Monobloe tubes are also used for mortars, an
adjunct of artillery. Mortars are nsually emplaced
manually and arc often transported manually, there-
fore low weight is essential. In this respeet, mortar
tube requircments arc similar to those of recoilless
tubes.

2. Jacketed Tubes

13. The jacketed, or built-up, type (Iignre 3) is
constructed of two or more close fitting, concentric
tubes not of the same leiigth. (It may, or may iiot,
have a replaccable liner.) The jackets do not extend
to the muzzle where pressures arc low but are oiily
long ecnough to provide the built-up tube with wall
thicknesses required by the pressure along the bore.
Assembly is iisually by shriiik fit. Although the
jackets arc iiot full-length, the inside tiibc, ineluding
its unreinforeed forward ciid, is still referred to as

the liner. Formerly, jacketed tubes ineluded the
wire-wrapped type. The wire, square in cross sce-
tioii, was wrapped uunder tension on a central tube
thereby inducing an initial compressive siress in
the tube, the same effect realized from shrink fitting.
However, its tendeney to droop and whip excessively,
improvement in manufacturing techniques, and ad-
vanees in inspeetion methods, have all contributed
to the replacement of the wire-wrapped tnbe by the
present jacketed type.

B. SMALL ARMS TUBES

T4, Small arms tubes nay be monobloe or they
may be made of two or more components, as are the
gnasi two-picce and the revolver type tubes.

1. Quasi Two-Piece Tube

The quasi two-picce tube (Fig. 1) is particularly
adapted to a machine giiii. It consists of two units:
a lined {ube and a cap. The cap contains the cham-
ber. The iuiits are assembled permanently by a
combination of threads aiid =hrink fits to bhecome,
virtually, a oiic picce, hned tube.

2. Revolver Type Tube

Another small arms barrel is the revolver type
sketched in Figure 5. It has two primary components,
the barrel and the drum. 1'hc barrel contains the
forcing cone aiid bore and, in this respect, is similar
to other tubes. The drum is the chamber housiug.
It is made of oiic picee so that the chambers which
may number four, five or six, arc integral. These
arc cqually spaced around the axis of the rotating
drum and arc so indexed that each one, in scquence,
becomes aligned with the bore when the drum stops
for tho round to be fired. A seal, earried by each
chamber, precludes the escape of propellant gases
between drum aiid tube.

In contrast, the several tuhes of the Gatling type
zim (Pig. 6), although operating #is a unit similar
to the revolver type, arc complete conventional
tubes, cach with its own chamber and bore. The
advantage of this type lies in its capability of a
high rate of fire while subjecting the individual tubes
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to a relatively low rate. The design criteria differs
only to the the extent that individual tiibcs derive
considerable rigidity from the assembly aiid there-
fore can be made as light as iiiduced stresses, ma-
chining operations, aiid handling abuse will permit.
The ring supporting the tiibcs at the muzzles, one
of the parts furmishing this rigidity, has been omitted
from Iigure 6.

C. RECOILLESS TUBE

15.  If practical, monobloe eonstruction is preferred
for recoilless tubes. A one-picee tube (Fig. 7) is de-
sirable from the viewpoint of low weight aiid sim-
plicity. Ilowever, to minimize manufacturing corn-
plexitics, tubes with integral chambers are eurrently
employed with the iiozzle being a separate ¢om-
ponenl fastened and secaled to the chamber, iisiially
by some typo of thrcadcd joint.

D. EXPENDABLE TUBES

16.  Tixpendable tubes are not a type in the same
sense of the preceding ones but may be considered
a unique type in terms of application or service.
The chief argument for expendability is the saving
of weapon wight, resulting in greater mobility and
easier handling. A truly expendable weapon might

be cousidered as being one which would he fired
only once, aud then discarded. This suggests that
the tube could be designed to, or very close to, the
poiiit of failiirc. It is quickly realized, however,
that such a design criterion would iiot be practicable
because of the nature of mechanieal properties of
materials, inconsistencies of material composition,
and variations in performance. Tlis leads to con-
sideration of another possibility in the eoncept of
expendability, iiamely, a limited-lift. tube.

The real gains accruing to the weapon (reduction
in weight, volume, complexity, cost, etc.) arc made
in ehanging from extended-life usage. There ap-
pears to i~ little or no gain in reducing the use of
the tube from several shots to only one shot. The
reasonableness of going from one to a few shots
in an expeudable system was demonstrated by an
experiment involving caliber .50 aluminum tubes.
The experiment showed that several rounds could
he fired from cach tube belove the rifling was stripped
to the poiiit of iiot providing sufficient spin stability.
It shoiild De recognized that even in these early
experiments, the use of a fin-stablized or possibly
a pre-engraved projectile would have resulted in
improved useful life. It may be concluded, therefore,
that a limited-life, light-weight tube capable of
firing several full ealiber rounds can be developed.



CHAPTER 4
FIRING PHENOMENA AFFECTING GUN TUBES

17.  To be effective, the giui tube must be accurate.
Accuracy is directly affeeted by any e¢hange or
irregularity in the angular or linear velocity of the
projectile as it leaves the muzzle of the giui. Useful
life of the tuhc depends on its ability to withstand
the rigors of firing and still maintain the desired
muzzle velocity. The ballistic c¢yele of a gun is
extremely short, a matter of milliseconds. During
this short period, the tube is subjected to extremely
high tcmpcratiircs, rapidly applicd pressures, and
inertia forces. Sormally a small number of rounds
will cause little measurable dcterioration. But, after
firing a large number of rounds, deterioration be-
comes evident. High rates of fire accelerate the
deterioration. Any phenomenon which reduces ae-
curacy or velocity life, by causing damage or wear
in the tube, must be eonsidered deleterious. The
adverse effects of some are immcdiately apparent.
Others arc Icss pronounced bul are cumulative
nature aiid eventually will prove harmful. Com-
pensatiiig measures taken during the design stage
will minimize many of these ill effeets.

A. MECHANICAL LOADING

18. With the exception of rolating band pressure,
the effects of mechanieal loadings are more pre-
dictable than those of heat and erosion, therefore
compen=ating measures can be incorporated i de-
sign concepls with considerable confidenee.

1. Propellant Gas Pressure

19. From the struetural viewpoint, the propellant
gas presslire is the predominant influence in the
dcsign of the giui tube. Standard procedures for
computing wall thicknesses aiid acconpanying
stresses are available aiid are usually sufficient for
good tube design. However, stress concentrations
due to rifling arid stresses due to other phenomena
such as hcat should iiot be trcatcd lightly.

2. Projectile Effects
a. Rotating Rand Pressure

20. Rotating bands or their equivalent perform
two functions when the round is fired. They transmit

the rifling torque to tho projectile aiid seal or
obturate the propellant gases to minimize leakage
past the projectile. Both functions are performed
effectively aftcr the bands arc engraved into the
rifling. Since engraving is somewhat of a swaging
operation, appreciable resistaiicc is offered by the
rifling to the rotatiiig band. This resistanee is
the nature of a radial force around the periphery
aiid its {rictional counterpart. The radial force when
distributed uniformly over the baud surface be-
comes the rotating band pressiirc. The band pressure
is higher on the rifling lands than on the bottom
o the grooves simply because more material is
displaced by the lands.

21. Band pressures may reach eonsiderable pro-
portions aiid can cause damage to the tube. Un-
fortunately their intensity ean iiot be predicted
accurately . Maximum pressures appear at the origiii
o r1ifling and grow smaller as the projeetile moves
aloiig the bore, mainly because the band is likely
to n-car to reduce the interference aiid because the
tube walls become thinner farther on and offer less
resistance to dilation. Band pressures progress along
the tube with the projeetile and although they may
be very large, the area ol application ix local and
small, and the pressure is present for =uch a short
time that immediate damage is not always apparent.
ITowever, repeated application of such band pres-
sures will ultimately damage the bore. Small, im-
pereeptible eracks will develop first and then steadily
grow larger as firing continues. This progressive
stress damage finally results in tube rupture or in
the spalling of rifling lands. Spalling is the out-
growth of eracks starting in the fillets of the rifling
grooves aiid propagating beneath the land. When
two such cracks from opposite sides join, the land
becomes a floating spline aiid is then cxtremcly
vuhierable to rotating band action. Little effort is
then necded to remove it completely from the bore.

Rotating hand pressure has a tendeney to flatten
rifling lands. This swaging effect will happen only
if the bearing strength of the bore material is ex-
eceded. Althoiigh not as scverc a consequence to



the tube life as spalling, the working depth of the
rifling is decreased aecompanied by a proportionate
decrease in its effectiveness.

b. Rifling Torque

22. Rifling torque is another loading condition
closely associated with gas pressure. It varies di-
rectly as the gas pressurc and as a function o the
rifling curve. Absolute values of this torque can be
large but ordinarily the gun tube is so rigid that the
indueed torsional stress is inconsequential. However,
provision must be made in the mounts for absorbing
the torque.

3. Recoil Forces

23, Recoll forees as such arc almost incidental to
tube desigii. In single recoil systems, their effects
never exceed the axial stresses due to propellant
gas pressures. In double recoil systems, the inertia
forees created by secondary recoil accelerations bend
the tube, but =econdary recoil occurs after the pro-
jectile leaves the tube thus its influence and that
of the propcllant gas presslire cannot combine. Alone,
the stresses due to secondary recoil arc not eritical
but shoiild be computed to complete the design
investigation.

4. Vibration

24,  The rapidly applied and released loads to which
the tiihc is subjected are likely to excite vibrations
which may prove harmful either structurally by
causing failiirc or operationally by reducing ac-
curacy. There are several sources for these vibra-
tions. Propellant gas and rotating band pressures
induee dilative vibrations which produee ringing
sounds and may contributle to muzzle cracking. The
balloting of a projcctilc may be another sowrce.
Tube whip is another. It is the term designating the
motion normal to the longitudinal axis which is
attributed to the moment developed by the col-
lateral but direetly opposite the propcllant gas force
and the induced inertial force of the recoiling mass.
Another contributor to tube whip, at least a theo-
rctical one, is the tendency of the propellant gases
and projectile to straighten the tube of the curva-
tiirc bronght about by bending under its own weight.

25.  Generally, the effects on accuracy caused by
vibrations in the heavy tubes of slow-fire weapons
fall within acceptable limits. These vibrations, affect-
ing only the round being fired, damp out before
the next round is fired. Rapid-fire guns are more
seriously affected. The rate of firc is high enough
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that the vibrations initiated in iirmg each round
arc not damped out sufficiently between rounds,
thus each round may be a resonating influence.
Structurally, the tiibe and mountiiig shoiild be so
designed that vibrations are damped out. This is
particularly true for tubes of the recoilless type
which must be light for mobility and handhng casc.
Low weight requirements demand designs o opti-
mumn structural efficiency thereby rendering the tube
more susceptible to some forces which would othcr-
wise be harmless. A rigorous approach is therefore
needed for optimumn design. This does not mean
that more liberties can be taken with heavy tubes.
They too must be designed for maximun structural
efficiency. However, their bulk may be sufficient to
absotb the disturbances ercated bv vibrations.

B. HEATING
1. Thermal Stresses

26. 'The burning propellant releases a tremendous
ainoutt of heat in the bore. Much of it is absorbed
by the tiihc. The bore surface, heing adjacent to
the source, receives the brunt of it. If the heat were
applied gradiially and a reasonable temperatnre
gradient appears through the tube wall, the induced
thermal stresses, being compressive in the inner
portion, would be analogous to autofrettage and,
therefore, beneficial. This, in effect, is what happens
in the tube of a rapid fire gun. During prolonged
firing, the ttmpcraturc at the bore surface may
reach 2000°F, whereas that at the other surface
will be only 1400°F. The temperatiire distribution
across the wall is logarithmic (sce Fig. S), lending
eredence to the assumption that heat transfer
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the wall is constant aftcr reaching the steady state
condition, the basis for thermal stress caleulations
of gun tubes. Thermal stresses may be considerable
but compensatiiig pressure stresses arc available to
confine them to the nouneritical range. Thermal
stresses still prevail aftcr pressures cease but to a
lesser extent because bore tempcratiircs drop as soon
as hot gases begin to disappear. Since temperatures
vary along the tube Iciigth (Fig. 9), the gradient
too will vary, not only according to the heat input
itself hut also according to variations in wall thick-
ness. Although the heat input is less at the thiii wall
regions, the ratio of heat put to wall mass 1= larger
than at the thicker wall regions, thereby mereasing
the thin wall temperatures. The higher wall tem-
peratures do mnot necessarily niean higher thermal
stresses. The heat follows a shorter path in thin
walls, consequently the temperature distribution will
show lest variation across the wall than for thick
walls.

Although thermal stressex ave reduced by pressire
stressex in a hot gun tube stee the thermal tangential
stress 1s compressive near the bore surface and tensile
near the outside surface, the eonverse of thermal
slresses reducing pressure stressex should not he-
come a design eriterion. The helpful stress pattern
depends upon a large negative temperature gradient
from the bore surface outward which will exist as
long ag firing is continued. However, if firing is
temporarily ceased, the temperatiirc will rapidly
tend to equalize throughout the tube and the whole
tube may be at a high temperature level, thereby
reducing the yield strength of the metal. If firing
is now resnmed, the tangential thermal stress will
be positive for a short time even near the bore
surface, aiid thus will not lower the pressure in-
duced stress. Therefore, thermal stresses should not
be depended upon to help compensate for a reduced
yield strength in the tithc material when at clevated
temperaturcs.”®

* Stated in Conclusions of Referenee 1. References are

listed at the end of this handhook.
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27. TRate of fires as well as total rounds fired play
an important role in the heat transfer across the
tube wall. A steady state condition exists for every
firiiig schedule. Tor instance, the maximum tem-
perature of 1400°F on the outer surface of a cal. .30
machine gim tube is reached after firing 7 bursts
of 1253 rounds each in 14 seconds at a rate of one
burst per minute. Adhering to this schedule, con-
tinued firing will iiot inerease the tube temperature,
Before the steady state condition is reached, rate
of fire hax an appreciable effect on the temperatiirc
gradient. According to Iigure 8, the Dhore surface
temperature inereases with the rate of fire, but
at sonic’ distance removed from the bore surface,
the tempceratiire aftcr 50 rounds is higher for the
slower firiiig rates. This illustrates that time of heat
application is an cssential parameter in thermal
stress considerations.

28. Thermal activity is responsible for another type
stress, one econfined to a thin layer of tube at the
bore surface. No accurate method 1s available for
computing this stress. Its effect is iiot immediately
apparent but eracks will eventually appear on the
surface and grow deeper as firing progresses. Figure
10 shows these thermal cracks. Two theories explain
this phenomena. The first is metallurgical in nature;
the seeond 1s mechanical. Both are based on metal
contracting after cooling.

29, When a gun is fired, propellant gases heat the
bore surface bevond temperatures of 1400° fo
1500°F, the tran=ition temperature range of austen-
ite. After the hot gases leave the bore, the relatively
cool metal adjacent to the surface and air i1 the tube
quickly cool the bore layer to transform it to marten-
site. Austemte and martensite have different crystal-
line strietures and, therefore, have different volimes,
atstenite having the larger. Upon cooling, the ac-
companying shrinking induees high stresses. If these
stresses exceed the tensile strength of the material,
eracks will appear.

30, From the mechanical point of view, if heat at
high temperatures is applied for oiily a short time,
a large temperature gradient develops throiigh the
tube wall and ercates a corresponding compressive
strcss on the bore swrface. When this stress exceeds
the yield strciigth it causes plastic flow. The matcrial
at the bore surface having no othcr eseape, moves
inward. Upon eooling, the compressive stresses arc
relieved and the material attempts to return to its
original positioii. However, only tangential aiid axial



FIGURE 10, Thermal Cracks on Bore Surface.

stresses are avatlable to pull the metal back. The
new radial growth is proportional to Poisson’s ratio,
a displacement considerably less than that of the
compressive activity which displaced it originally.
Fifectively, there is not sufficient material to com-
pensate for the elongations created by the newly
induced tangential and axial tensile stresses. Henee,
when these stresses exceed the tensile strength, sur-
face cracks appear.

2. Dimensional Changes

31, Dimensional changes are alzo a source of con-
cern to the destgner. Solar radiation can cause the
top of the tube to become hotter than the bottom.
The resulting longitudinal differential expansion will
bow the tube downward to be accompanicd by a
slight reduction in angle of clevation and, therefore,
a shortening in range. Conversely, a coelant such
as rain will lower temperatures on top and cause the
hot tube to bend upward with an accompanving
reduetion in accuracy. Dilation of the bore eaused
by elevated temperatures may also reduee accuracy
simply by increasing the clearance between bore
surface and projectile to permit gas leakage and to
create a greater tendency toward baltoting. A likely
cause of malunetion due to unequal dimensioual
changes concerns eartridge cases. The clearance be-
tween unfired case and chamber is large enough to
permit easy loading. On firimg, the propellant gas

pressure expands the case and presses 1t tightly
against the chamber wall. After the pressures ceases,
the ease recovers from the distortion sufficiently to
provide ready extraction. The difference in thermal
cocfficients of expansion of case and chamber wall
must be considered (o avoid cancelation of the re-
covery tendencies of the case by this factor.

3. Cook-Off’:

32, A phenomenon which plagnes gunners during
prolonged firing is cook-off, Cook-oft 1s the deflagra-
tion or detonation of ammunition caused by the
absorption of heat from itx enviromment. Usually
It conxists of the aceidental and spontaneous dis-
charge of, or explosion in, a gun or firearm caused by
an overheated chamber or barrel ignitmg a fuze,
propellant charge, or bursting charge. Cook-off is
confmed mostly to automatic guns and to mortars.
Muzzle-loaded mortars when hot have a tendency
to fire the propelling charge before the round reaches
the breech; =ometimes even before 1t drops eom-
pletely through the muzzle. The danger in auto-
matic weapons stems from the live round left in the
chamber 1o start the next burst.

33, When eook-off occurs, the consequences may
be isastrous. The propellant, its primer, or any of

* Reference 2.
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the explosive compouents 1 a round may ignite.
If it is the propellant within a round in battery, the
projectile passes oiit of the barrel. In this instanee,
primary danger is to personunel and equipment in
line of fire. However, if projectile (wok-off occnrs
in battery, i.c., with round in chamber and all
weapon components in their firing positions, or if
in the ram or loading position in a small arms
weapon, scvere damage is almost certain. The gun
undoubtedly will be rendered moperative. Further-
more, the explosion may damage the carrier or
injure the crew. In contrast, the danger in slow-fire
weapons shoiild he negligible for these need iiot he
kept loaded for aiiy appreciable tine.

34, ARhough cook-off 1= a safety hazard of some
importance, no method has been devised for de-
signing a tube that is safe from this complex heat-
transfer problem. In acceptanee, all high rate-of-fire
weapons must be tested to make certain that the
cook-off threshold of their ammunition is not ex-
ceeded, and attempts made to introduce corrective
measures if needed. Jor example, in the 20 mm
revolver gun, M39, cook-off wax climinated when
the chamber-to-barrel seal was redesigned to re-
move the heat <ink (sce Figure 5). The approach s
necessarily empirieal, after the need for corrective
measures is determined.

C. EROSION

1. Causes

33. FErozion is literally the wearing away of Ihe
bore surface and of all phenomena unfavorable to
long tube life, it is the worst offender. iroxion is
primarily a physical activity although chemical
action can increase its rate. The abrasive ¢ffects of
propellant gases aiid rotating hands arc the most
damaging. The gases impinging at high velocities
on the bore surface sweep away sonic of the metal.

12

‘This phenomenon is called gas wash. The rotating
hands haw two contributory inflilences on erosion;
the first is induced by gas wash, the second by ordi-
nary shding frictioii. Intense hcat also contributes
indireetly To ero<ion, by melting an extremely thin
layer of the bore surface, thus making it easier for
the gases aiid band to carry off the material. Also,
beeause of high hcat, sonic constituents of the pro-
pellant gases may combine with the metal at the
bore surface. The newly formed compound, probably
a iiitride and therefore brittle, may crack and peel
oft': imder the action of rotating hands aiid propel-
lant gaxes.

2. Regions Affected

36, The region at the origin of rifling snffers most
from crosion. Ileve the factors conducive to high
eroston rates are most destruetive. Temperatures are
highest, engraving takes place here, and frictional
forees are highest. Tests have shown that engraving,
friction, and gas wash contribute approximately
one-third ecach to the total wear¥. This proportion
oceurs only when relatively cool-burning propellants
are used. When the charge consists of hot-burning
propellants, the erosion induced by the gases is so
great that wear dne to other causes becomes rela-
tively insignificant. Althongh propellant gases move
faster farther along the tube and should be more
crosive than at the origin of rifling, the other con-
tributing causes diminizh constderably, with a sub-
sequent lower rate of erosion. The rate increases
agaln at the muzzle but not nearly as much ax at
the origin of rifling. The actual cause of the ac-
celerated muzzle erosion has never been determined.
Tlowever, it may be considered seeondary, for the
damaging effects sustained by the projectile at the
origin can never be completely undone by eorrective
nreasures introduced at the mnzzle.

* Reference 3. page 599,



CHAPTER 5
WAYS OF MINIMIZING HARMFUL EFFECTS TO GUN TUBES

There arc a number of measures which may be
imcorporated either inn tube design or in the ammuni-
tion to eliminate completely or reduce the effective-
ness of those firing phenomena which shorten tube
life.

A. MECHANICAL DESIGN

1. High Strength Materials

37. A gun tube shoiild have all the physical prop-
crtics required for efficiency aiid durability. Sinee
some of the ideal physical properties may iiot be
congruous, a compromise niay have to be made,
reducing the resistance against one adverse phe-
nowmenon in ovder to retain the effectivencess agamst
another. It is iiot good design practice to compromise
streiigth in a gun tube. A tube should always be
strong enough 1o support its loads including pressure
and inertia forces. l“ailure attributed to thcse forees
renders the {ube beyvond salvage regardless of its
resistance to heat and erosion. The attractive fea-
tiire of high strength materials, particularly steel,
is the ahility to withstand other destructive agents
to an acceptable degree. Fven if these properties
are less than adequate, correctiac measures dis-
cussed carlier in the chapter arc available to over-
conic the deficiency.

2. Vibration Correction Measures

38, Structural failures due to vibratioiis arc in-
frequent aiid highly unpredictable. I'rom the view-
point of eeonomy, corrective measures arc iisiially
adopled oiily after failiirc oceurs. This is particularly
true for muzzle cracking due to dilative vibrations.
However, onre must be aware that tubes are in-
herently weaker at the muzzle because of the open
end effeets and failiirc here may be due to normally
applied pressures. An overall thicker wall or a
graduul thickening at the muzzle to form a muzzle
bell will inerease tube streiigth. The vibrations which
disturb accuracy are correeted by a change in tithe
mass or shape. A heavier {ube may also absorb the
adverse cffeets of balloting but activity of this iiatiirc
should be eliminated or moderated at the source,

namely, the projectile. Size or shape of tube wall
can contribute nothing toward this end thiis, placing
the burden entirely on the projectile designer.

3. Vibration Calculations

39, Accuracy dispersions due to tube vibrations
have heen measured and correlated with the natural
frequency of the tube and the firing rate of the
gun®. I'igure 11 shows how dispersion varies with the
frequency ratio of the tube which is expressed as

R;, = L (1a)
fr
where
[. = natwral frequeney of the tube, cveles:see
f, = [liring rate, roundsx ‘wee

To avoid large dispersions, the tube is designed
for a natural frequeney so that B, = 3.5 or, if the
size of the tube, hence its stiffness, precludes a fre-
quency ratio of this magnitude, attempts shoiild be
made to direct the frequency ratio toward a value
approaching one of the minima in the curve of
Itigure 11.

10.  Caleulations forthe iiatural frequency are based
on the Stodola Method of Caleulating Critical Speeds
of Multimass Systemst. Generally

_ gz
CEN (Ib)
where
g = acceleration o gravity, 386.1 in sec’
W = dynamic force of each beam iucrement, Ib
y = deflection of beam increment, in.
w = critical speed, rad/sec

The critical speed may be wrilten in terms of
iiatural frequeney,

o= % cycles per sec (Le)

* Reference 4.
t Reference 5, page 156.
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FIGURE 11. Dispersion-Frequency Ratio Curce.
The tube is considered a cantilever beam loadcd . . . T
L. . . . . Vo = W= W,. = 6_ L =2

dyiiamically by vibratory motion. For the first W, Wa = W, 6z 2.0 Iy
approximation, «» is usually selected as unity and
the deflection, y, is obtained for the beam bending W =W, =W, = 51 2 L = 2721
under its own weight. For the analysis, divide the
tube into a convenient number of sections, each _
section representing a uniformly applied load. Then W= Wa=Wus=1087dcL=351b
determine the deflection curve. The example showu
below follows the artla-moment method. where
41. For the example, assume Figure 12 to repre=ent L =4, le’pgath of each merement
a gun tube, 36 in. long, consisting of three cylindrical 6 = 283 Ib/ir’, density of steel

sections of equal length: 4, B, ¢'. Subdivide each
scctioil into lengths of 4 inches and compute the
deflection at the center of cach of the nine inere-
ments. The effect of the bore is assumed negligible,
thus the aiialysis is for a solid bar. Arca moments of
inertia of the scctioiis are

Calculations of A7/] at each station on the beam
as iiidicated in IFigure 13 arc arranged in Table 1.

Now ecalculate the area moment of the AI/7
curve. The moments of the area are found at the mid-
=pan of cach Increment as indicated numerically in
Figure 13. The M /I curve represents a new loadiiig
condition, the load on each increment being tra-

T 3 T I
= — = — 1. = .24 . - . .
a 64 4 64 15 2l pezoidal. The calculations arc arranged i Table 2.
The moments of the simulated beam are taken from
Ip= grdy = (7175 = 46 i’ left to right.
’ ’ Showing the caleulations for Statioii 6,
T ' T 3 e o 4
L= =T 5 = : ! .
I 04 de 64 2.0 785 m S = Za A+ A + Ay
The tube being steel, the weight of cach increment is = 2455 4+ 609 4+ 589 = 3653 Ib/in”
I c B A
_|‘E
T S— N S
H EES e § 0 e g e S
) 8 7 6 5 a 3| 2 ) )
L—a——’-—-a-wl‘—Q-—v—n———a—al—Va 4 e 4 —pe— 4 “l““"’\
t h q f [} d ¢ b a -]

FIGURE 12, Gun Tube Showng Subdivisions,
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FIGURLE 3. M /I Diagram of Gun Tube.

4’1[,;6 = qc;AL.-. + )";;‘1]‘3—; + 8.-‘2,4‘; .\.:llyy| = 4926 X 10_3 lb”iﬂy
= 1.03 X 621 + 2.98 X 0647 + 4 X 3633 SWyl = 182.9 X 107° Ib-in*
= 640 4 1930 + 14610 = 17180 Ib/in I'rom LFquation b, the first approximation for the

W= ZW; + Mas eritical speed 13

20100 4 17180 = 37280 1h/in

The actual defleetion at any station

M
— A v v
iy = ——"1 (2
Y i3 )
where
B — 29 X 10° b 'in®, modulus of clasticity
> )M = the summation of the arca moments at
the =tation
Now compute the items necessary to find the

natural frequency and arrange them in Table 3.

TABLE 1) 7 CALCULATIONS FOR STATIC (CONDITION.

lg=iVy, o
= {2 i -1, 2 — :)2: . /.”
“= S V101, 200 = 323 1ad/sec
where

g = 3864 in see’

Now repeat the caleulations but this time with the
dynamie loading based on f. Thus

= ol 10800 0 gy,
q 386.4
Table 4 will be =imilar to Table 1.

all” AxEy, M Mo

tbin (Ih-in (Ih-in (Ih-in®,
4.00 t) 4.0 16
£.08 S.0 16.0) 18]
1.00 16.0 306.1) 141
214 21.0 651 142
5.14 349 105 228
5.4 45.8 156 338
.16 BURH 220 280
716 7049 208 38
06 85,1 300 e

weight of cach inerement, assiimed concentrated atl center of sccetion
the =hear at the right end of section contributing to the moment at the

13 avE a Ay
=t St (I (1, {in fin)
R i 2.0 0 2 ()
b uh 2.0 2.0 2 4
- he 2.0 4.0 2 4
d cd 2,72 6.0 2 4
S de 272 8.72 2 {
{ of 292 11.44 2 4
. for 356 1116 2 1
h gh 3.56 17.72 2 3
i hi 3.56 21.28 2 |
W —
Ty o=
station being considered
a  — moment arm of distributed weight for cach <cction
Ax = nmwoment arm of total <hear at vight end of scetion
M = S(all 4+ Ax X

). total moment at station.
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TABLE 2. AREA MOMENTS FOR STATIC CONDITION.

Az Ap

-«

oy q r s
Station (ih /in®) (I /in?} (Ih/in?) (in) (in) (in)
9 933 815 0 1.02 0 0
8 707 608 033 1.02 3.02 4
7 589 (647 2455 RIS 3.02 3
6 621 511 3633 1.03 2.98 4
5 413 327 4921 1.04 3.04 4
4 285 287 5845 1.0 3.04 4
3 248 168 6457 1.05 3.0 4
2 104 56 6992 1.07 3.07 4
1 24 — 72064 1.11 3.14 1
q;l I )'4"1(_1 s¥4 .'1]‘4 .‘_:,-'1,‘4
Station (Ih/in) (Ih/in) (Th /in) (Ib/in) (Ib /1
il 450 0 0 950 950
8 720 2460 3730 6910 7860
7 580 1840 0820 12240 20100
6 610 1930 14610 17180 37280
5 130 1550 10680 21660 58040
4 280 900 23380 24650 83540
3 260 860 25830 26950 110540
2 110 520 274970 28600 139140
1 30 180 29060 20270 168410
AL = arcy to the immediate left of the station
A, = arcatothe immediate right of the station
Za = represents the total simulated shear at the preceding statioii
qA, = moment of the area to the immediate left of the station
rd ;. = moment of the avea to the immediate right of the preceding station
s, = moment of the simulated total shear at the preceding station
M, = arca moment

The calculations of the area moments of the 3 /T
curve in Figure [3 are listed in Table 5.

The deflection at each station due to the dynamic
loading is found according to Equation 2. The de-
flection and thc natural frequency parameters arc

listed in Table 6.
TABLE 3. NATURAL FREQUENCY PARAMETERS,
STATIC CONDITION,

Wy X105 Wy X 108

Al n

Station (im) (1hy (Ih-in» (Ih-in®)
1 L0058 2.0 11.60 67.3
2 0048 2.0 9.60 4.1
3 .00382 2.0 A 20.2
4 .00288 2.92 7.84 22.6
5 .00203 2.72 5.52 11.21
6 001287 272 3.50 4.50
7 000694 3.56 247 1.715
8 000273 3.56 07 265
9 000033 3.56 12 004
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IWy, = 49.3 X 107° b-in;

SWy = 190.0 X 10" ° Ib-in®

From Equation b, the sccoiid approximation of this
critical speed is

\/ g=Wy,
Wy = o117 2

Wyl

= \/EET)O_O = 317 rad/sec

This differs from w; by less than 29 and is thereforc
considered to be a sufficiently close figure for the
iiatural frequency. Tixpressed in terms of natwal
frequeney

Wy

f’n— = 27_ —
I'or a gun firing 1200 rounds per minute

_ 120
)

From ISquation la, the frequeney ratio is

50.5 cyeles/second

= 20 rounds/second

r



TABLLE 4. ) /T CALCULATIONS FOR DYNAMIC CONDITION.

W, =1h It Ar all’, ArxIl, M M/T
Sta Seet {1 (I (in) (in: {(Ib-in (1h-in (Ih-1n) (Ib/in?)
0 on 3.3 0 2 0 6.26 0 6.26 25
b ab 2.59 3.13 4 4 J5.48 12.5 23.0 96
3 be 2.006 5.72 2 4 4.12 228 50.¢ 204
d od 211 7.78 2 1 4.22 319 86,2 187
o de 1.49 9.89 2 A 298 39.6 129 280
i ef 04 11.38 2 +4 1.88 43.5 176 R
I3 fg 67 12.32 2 4 1.31 49.3 227 200
h gh 206 12.94 2 1 0.56 32.0 279 336
i hi 03 13.25 2 1 0.06 33.0 332 422
ro— Lo 505 - performed for cach modification 1iiitil a trend is
YT T g T cstablishcd. With the aid of Figure 11, this trend

Checking this value on the curve (Figure 11) shows
that it falls on a minimum dispersion portion of the
curve and may be acceptable. However, frequency
ratio greater than 3.5 is preferred. This would re-
quire that the tube be made stiffer (and heavier) to
Inerease its natural frequency if the firmg rate of
750 rounds per minute 1s to be retained. Firing tests
eventually determine whether the dispersion caused
by tube vibration ix acceptable. It not, the tube is
modified to change its stiffness and firing tests are

readily predicts the tiibc stiffness necessary for
minimum dispersion.

B. COOLING METHODS
1. Large Tube Masses

42, Heat effeets the tube adversely, and couversely,
cooling effeets are beneficial. The tube can be kept
relatively cool by rapid heat dissipation or by insula-
tion of the bore surface. Most methods are ineffective
during prolonged firing although some do provide

TABLE 5. AREA MOMENTS FOR DYNAMIC CONDITION.

AL Ag o q 7 H
=tution (Ib/in?; {Ib/in®) (Ib/in*) {in» (in) {in
9 811 715 —_ 1.01 0 0
8 679 613 811 1.0" 3.01 1
7 626 Bt 2235 98 3.02 4
6 T13 611 3174 1.02 2.98 1
H 513 420 4905 1.03 3.03 4
4 383 400 6029 RS 3.03 4
3 354 246 (6832 1.05 2.949 4
2 156 85.5 7586 1.07 3.07 +4
1 37.5 —_ 7988 1.11 314 4
q;lL r.d Rl S:A ‘[1 Equ
Station (Ib/in) (Ih/ini {Ib/in) {h/Ins (1h /in)
9 819 0 0 819 819
8 693 2240 3240 6170 6990
7 613 1850 8940 11400 18100
6 728 2140 13900 16770 35%0
D 528 1850 19600 21980 57100
4 379 21T0 24100 25750 82900
3 372 1200 27330 28900 111800
2 167 i56 30340 31260 143000
1 42 268 31950 32260 175300
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TABLE: 6. NATURAL FREQUENCY PARAMETERS,
DYNAMIC CONDITION.
n it Wy, X 103 Wi X 108
Station (in) (lb (1b-in) (1b-in?)

1 .00605 2.0 2.10 73.20

2 00493 2.0 0.86 48.60

3 00386 2.0 7.72 29.75

4 00286 272 7.8 2225

5 00197 272 5.36 10.58

6 00121 2.72 3.29 3.08

T 000635 3.56 2.26 141

8 000241 3.56 .86 21

9 000028  3.56 10

!

some compensating features. One of these involves
large tube masses acting as heat sinks. Heat is
condueted rapidly from the bore surface iiito the
tube mass. Transfer of the heat to the airsurrounding
the tubce is a slower process but, at any given firing
rate, the tuhe eventually reaches a steady state
condition. Heavy tubes or light tubes with cooling
fing will reach steady state later thaii plain light
tiibcs. If the yield strength at steady state {em-
pcratiirc approaches the firiiig stresses, continued
firilig beconmes dangerous. Gun steels begin to lost.
strength above GOO°L. A wall thicker than needed
for a tube in which thermal strcsscs arc iiot present
will he stressed correspondingly lower, to a value
where a lower yield point can be tolerated. But,
regardless of tube wall strength, the hore surface
can not escape the deterioration attributed to other
sources. The solution here then is to seleet a matcrial
not subject to damage by hcat, as well as oiic of
required strength.

2. Coolants

+3. The use of a coolant helps to increase the per-
missible duration of sustained firiiig but arrange-
ments for their applieation arc too awkward to be
practical. One of these, the forced convection pro-
cess, has fluid flowing through a jacket or tank sw-
rounding the barrel. If nueleate boiling, i.c., active
boiling, can be maintained, the rate of hcat transfer
is higher than for film boiling with its insulated film
of vapor between the fluid and outer barrel surface.
The forced convection equipment makes a good
laboratory apparatus but is hardly acceptable for
the field. Weight and bulk of a circulating system
built to sustain the inertia forces of recoil become
more burdensome than the advanlage of cooling
warrants. ITowever, a weapon still finding some favor
in the field is the early concept of a water cooled
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machine gun. Iu this version, the tank forms a
cooling system with no provision for a continuous
incoming flow of cool water. The tank is vented to
prevent high steam pressures. So loug as water is
present, surface temperatures can be held to reason-
able limits.

4. Another application of coolant involves water
spray injected into the bore after each round or
short burst. However, the time lost during spraying
reduces the rate of fire, probably to that of normal
slow fire activity. That]this method of cooling offers
any writable advantage in prolongiug tube life is
questionable. The same viewpoint ean be applied
to a type o construction referred to as a jacketed
liner. This typc of construction has thin steel liners
reinforced by thicker jackets of copper or aluminum.
The high thermal conductivity of the jacket is ex-
pected to keep the barrel cooler than if it were
made entirely of steel. However, neither copper nor
aluminum is acceptable strueturally because of low
strciigth.  Althongh considerably stronger, their
alloys do iiot have the heat condueting capacity of
the pareut metal and actually approach that of
steel, thus forfeiting the only advantage that this
strueture can offer,

3. Boundary Layer Cooling

+5.  Boundary layer cooling iiitroduces the practiee
of insulating the hore surface from the hcat of the
propellant gases. Two techmiques have been in-
vestigated; one involving ammunition, the other
involving tube design. The first or smear techuique
provides a protective bore coating. The latest appli-
cation of this cooling coucept has a small plastic
capsule of silicone oil located in a recess in the base
of the projectile. A plunger, sliding in the reeess,
crushes the capsule when the round is fired aiid
squeezes the oil outward upon the bore surface.
This is a oiic-shot function, the oil deposit being
carried off by the next round. Tests show that 0.08
ce of 80,000 centistokes silicone oil reduces the heat
input into a 20 mm bharrel by GO percent*. Two
difficultics remain: one is to make a suitable capsule
that will iicithcr leak nor affect the ballistics too
much; the other is the tremendous difficulty of
retrofit, i.c., adapting it to existing matertel, a task
which is iiot practical. However, the acitivity asso-
ciated with smears docs not coustitute any part of
tube desigii but rather one associated with preven-
tive maintenance. On the other hand, transpiration
cooling does involve tube design. This process de-

* Reference 2, page 120,



pends on a porous tube hner of sintered metal to
carry fluid under pressure to the bore <urface where
it forms a proteetive coating. Two major disad-
vantages are an intricate injeetion syvstem ix re-
quired to maintain even flow on the bore surface
during the time that the highly transient gas pres-
sure 1s present and ~till not supply an overabundance
of fluid between rounds, and although the principle
of transpiration cooling has merit, the sintered liner
does not have the strength to survive the severe
punishment to which it ix =ubjected during firing.

4. Low Heat Input

46, The best means for retaining relatively cool
cquipment during firing ix to hold the amount of
heat generaied (o a nunimum. This can be done
within limits by employing cool burning rather than
hot burning propellant=. A cool burning propellant
has a flame temperature of less than 2000°K whereas
hot burning ones may reach as high as 3600°K.
Although evenn 2000°I i higher than desirable,
it does offer an appreciable advantage over the
higher temperatures inasmuch as tube strength will
decrcase at a =lower rate than it it were subjectled
to hot burning propellants during ~ustained firing.
The lower tewmperature also aids in reduciug gas
wash and other types of erosion.

C. LOW EROSION MEASURES

47, Alany attempts have been made to dizcover
techniques or material capable of resisting erosion.
One method involves the removal or restraint of
phenomena responsible for eroston. Heat being one
of these, any means of curbing its destruetiveness
will help. Under this circumstance, the various cool-
lug methods above, if effective, will reduce erosion.
Methods other than cooling are available for moder-
rating crosion, but these involve projectiles and
propelants rather than gun tubes and further dis-
cussion on these items is not within the scope of
thix handbook.

1. Rotating Band Properties

148, The erosion caused by rotating band actioii
can be checked to sonic exteiit by selectivity in de-
sign and materials, NMaterials should be easily en-
graved, have low abrasive and good bearing prop-
erties, and shoiild havc low coppering tendeneies,
i.c., should leave little or no metallie deposit on the
hore surface. Soft materials including copper, gilding
metal (brass), pure iron, aiid many plastics fall into
this category. Some plastics have exhibited excellent
ahility iii retarding crosioii. The metals above show

about equal tendencies toward erosion and tube
life. The big problem i work hardening developed
during the assembly of band to projectile. Con-
ventionally, metal bands are swaged into peripheral
grooves called band seats. Thix operation work
hardens the metal, thereby inereasing its engraving
resistance and eroston tendencies. Banding methods
are available which circumvent work hardening;
sonie by welding, others by mechanical means,
Plastics avold most fabrication problems by being
molded directly into the band seat. However, some
problemi= still remain meluding the mability of most
plasties {o meet rotating baud requirements =such as
retention during projectile flight, dimensional sta-
bility during temperature changes, and impervi-
ouwsness 1o aging characteristies during long periods
of ~torage.

49, Band contour and size directly affect engraving.
The optimum band diameter is just large enough for
adequate obturation but not =o large that excessive
engraving cffort ix needed or high bhand pressures
develop. The use of preengraved bands in recoilless
weapons chminatex hoth engraving effort and hand
pressure whereas, in other weapons, indexing difli-
culties while loading, and the added cost cannot be
tolerated. Band width too s eritical but band
diameter ix somewhat more significant. In the de-
velopient of new weapon systemns, the tube designer
should cooperate with the projectile designer to in-
corporate the most compatible design features in
rotating band and rifling.

2. Rifling

50.  The bore erodes most severely at aiid near the
origin of riflilig. Attempts have been made to al-
leviate this coiiditioii by varying the design of the
rifling it=elf, iiitroducing sonic varialioiis to case the
engraving process aiid to reduce band pressures, aiid
to reduce rifliiig torque. Depth of rifling aiid width
of groove arc usually determined from the dynamics
o the projectile while in the bore, with litile leeway
extended toward modificatioii of these parameters.
ITowever, there is considerable leeway in selectiiig
the eross-sectioiial contour of the rifling. For in-
stanee, the lands and grooves may he sharply ree-
tangular iii one extreme or the grooves may be cir-
cular segments in the other (Iig. 14). Iixperimental
firing data on rifling profiles are lacking but by
in=pection it appears that engraving resistance aiid
band pressures would inerease as the profile varies
from rectangular to circular grooves because band
niatcrial displaced during ciigraviiig increases, i.c.,
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interference between band and rifling increases. ITow-
ever, the suseeptibility to large stress concentra-
tion suggests large fillets and a trend toward rounded
contours,

a1l The slope of foreing cone and rifling at the
origin has a decided influence on engraving foree.
The foree diagram is equivalent to that of a wedge;
consequently, the gentler the slope, the less re-
sistence  offered to translation, henee engraving.
Siuee the total amount of band material displaced
is independent of slope, final band pressure too ix
independent although 1ts rate of merease will vary
with slope. A vapidly applied load creates higher
stresses than one applied more slowly, therefore,
the relatively stow rate of baud pressure rise 13
another favorable characteristic of a gentle foreing
coue slope.

32, Thase o engraving is not always an asset.
Engraving, gciicrally requiring fairly high propellant
gas forees, delays travel in the bore to maintain the
gas pressure art optimum for maximum eflicieney.
If eugraving resistance is materially reduced, reach-
iiig the desired burning rate may be delayed, aiid
peak pressiirc will appcar farther aloiig the bore
with the added possibility of iiot realizing maximnm
values of pressure aiid velocity. This may iiot be
serious in highly charged rounds but when condi-
tions are marginal sueh as in low zone firiiig, muzzle
velocities may be too low. A larger propellalit charge
will restore the velocity butl at reduced efficicucy.
Another means of compciisatiiig for delayed pcak
pressures rcsultiiig from low ciigraviiig resistance is
the iisc of faster burning propellants, if feasible, as
in recoilless weapons.

o3, Varlation in the rifling curves are sometinmes

used to lower erosion rates. Most are concerned with
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reducing rifling torque at the origin. The mechauics
of rifling curves and rifing torque are discussed
later in Chapter 6. Low torque tself will ot inhibit
erosion but it does delay rvotational activity until
the undamaged rifling farther along the bore is
reached. A new gun with constaut twist rifling pre-
seuts no problens. Iingraving i= complete, with rifling
and rotating band mating perfectly to impart torque
to the projectile. On the other hand, a worn gun
or a revolver type weapon presents a  difficult
problem. In these, the proejectlile begin to move
before the rilling is engaged, 1.c., 1t has free run.
If the rifling twist i uniform, the theoretical instan-
tanconsly acquired angular veloey during engrav-
ing ereates a torsional impact which may cause
rotating band failure. Furthermore when it first
regelies the rifling of a worn gun the band barely
touches the lands and the shallow contact 1s not
sufficient to.earry the toad. The rifling here may act
ax a ceutting tool, machming off the top band sur-
tace. Or, perhaps the contact is light enough and
the =lope shallow cnough that the rifling swages the
band rather than engraves it. The problem i to
find a rifling capable of minimizing the ahuse,

o4, To minimize the damage to rotating bands
caused by free run or wear, wear commpensaling
rifting is introduced. This type is so named beeause
it reduces the rifling torque near the origin of rifling
where erosion is most. severe. The location of the
origin remains unchanged but the rifting 1s without
twist for a short distance, usually a lengtl of about
oue mch in smalt arms. Then, a length of mereaxiug
twist leads to the final angle at a short distance from
the muzzle from which point the rifling assumes
uniform twist. In a variate application the rifling
curve starts at the origin also with a zero angle of
twist. Iither method relieves the band of the rifling
torque at the origin where most of the damage takes
place and does no worse at the muzzle where constaut
twist iz retained. Cinrently, ercasing twist rifling
ix confined to small arms but the practice should
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portion of band

FIGURLE 15. Progressive Engraving.



not he abandoned for larger gun tubes if favorable
characteristics can be used to advantage. Increasing
twist rifling has been used successfully in some large
guns such as the 14 ., M1920 MII and the 1%iun.,
A1900 guus.

5. Wear compensatiiig rifling deereases the shock
after free run which is experienced iii revolver type
guns and in worn guns of uniform twixt. Loads on
rifling, rotatiiig band, and fuze are thereby eased.
It permits the use of free run without rifliiig or with
rifling of zero height at tho origiii aiid coniinuing
in a very gradual slope until it veaches the normal
height of land at the bore. For the benefits gained,
the price is a higher torque farther along the tube
which, in itself, is not necessarily a ~erious disad-
vantage. A disadvantage which may prove serious
involves the rotatiiig band whose width and there-
fore load carrying capaecity is limited by the eon-
itmuous engraving preduced by the chauging slope
of the rifling. Figure 15 shows the results of this pro-
gressive engraving. After being engraved, the cof-
fective band material remaining must be capable
of transmitiing the induced torque.

3. Liners and Plating

56.  "The most effective means of moderatiiig erosion
entails the use of materials which resist n-car. These
materials must be hard so as to resist abrasive
activity, haw good thermal properties to rexist
heat, and must be chemically mert to retain the
original physical properties. Unfortunately, thow
materials which arc crosion resistant seldom have

sufficienit strength. In this respect, high streiigth
steel serves a dual purpose. The strength provides
an obvious need whereas the accompanying hardness
decreases the susceptibility to wear although this ad-
vantage applies oiily to guns firing relatively slowly.
1"or rapid firing guns, the increased life derived from
high strength steel is iiot enough to eclass it as a
low erosion material. However, steel tubes with
plated or lined surfaces have increased the dura-
bility to the extent where the speeial effort in manu-
facturing has become worthwhile.

57. Plating the bore =urfaces with a hard, hcat
resistant material such as echromiiun reduces erosion
and helps keep the tube elean but it <till is iiot totally
satisfactory. It is iiot impervious to gas wash and
has a tendency to chip and spall, particularly near
the ovigin of riflilig. Liners are far more satisfactory
but assembly difficulties limit their Iciigth. Figure 4
shows a liiicr assembly. Being restricted to short
lengths i only a minor disadvantage beeause rifling
crodes fastest in the region adjacent to the origin.
Present practice exploits the advautages offered by
both plating and liiicr by applying each to different
geetions of the bore. The liner, contamimg foreing
cone and a ,short length of rifling, comprises the
bore adjacent 1o the chamber. The remaining length
of bore, comprising the parent metal of the tube, is
platcd. The thickness of the plating gradiially in-
creases from the front end of the liner to the
muzzle to realize the shallow taper of the choke bore.
The gradual restriction thus compeusates for erosion,
particularly at the muzzle where it can be severe.
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CHAPTER 6
GUN TUBE DESIGN

A. DESIGN OBJECTIVES

58. Tistablishment of the basic. performance rc-
quirements for a gun tube belongs to the ballistician
and the ammunition designer. They establish the
weight, size and shape o the projectile plus its
muzzle velocity and spin. The tubc designer takes
over after all ammunition and interior ballisties
data become available. It is his task fo design a
tube sufficiently strong and durable to meet the
ballistic requirements and to design adequate at-
tachments for sights, breech ring or recciver, a
recoil brake rod and cradle adapters, and where
required, muzzle brakes aiid flash hiders.

B. INTERIOR BALLISTICS CURVES

59. The tube designer is primarily interested in
the pressure-travel and velocity-travel curves. The
interior ballistics information is ordinarily available
as pressure-time and pressure-travel curves from
which the velocity-time aiid velocity-travel curves
are casily derived. Typical examples of all four
curves are shown in Figure 16. However, the pressure
here is chamber pressure. If used as a design param-
eter, it yields conservative results since actual pres-
sures along the tube are lower. The conservative
approach is acceptable since its effect is to introduce
a small safety factor.If desired, the actual propellaiit

gas pressurc along the tube ecan be calculated by
Equation 3.

W, S.\
vl (] @
where

ps = pressure at point A of bore

p. = chamber pressure

S, = distance from breech of equivalent chamber
to point 4

Sy, = distance from breech of equivalent chamber
to basc of projectile

Sz = 8, for maximum pressure at A

W. = weight of propellant charge

W, = weight of projectile

The equivalent chamber is a hypothetical chamber
of bore diamcter having the actual chamber volume.
It is obtained by extending the actual bore rear-
ward which establishes a new breech location.

C. CHAMBER REQUIREMENTS

60. Chambers are designed to be compatible with
the ammunition and ballistic data. If the gun is to
fire existing ammunition, the chamber is designed
accordingly so that no difficulty should arise in
loading the round or extracting the case whether
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this activity is manual or mechanical; whether single
shot, semiautomatic, or automatic. If the ammuni-
tion is newly designed and not finalized, any ecarly
difficulty in handling or firing should be resolved
by the ballistieian, the ammunition designer, and
the tiibc designer to their mutual satisfaction. Not
only shoiild the chamber be designed to control
density of loading, but also its interior should be
so shaped as to promote the most effective gas
flow from chamber to bore. Usually chamber geom-
etry is such that it is compatible with the remaining
tube structure, otherwise some measures must be
taken to compensate for discontinuities. This is
readily done in heavy tubes by arbitrarily extending
the large outside chamber diameter beyond the
origin of rifling region. In thin tubes where weight
is critical, rigorous analyses are necessary to provide
adequate strength without excess weight.

1. Cartridge Case Fit

61. The shape of the chamber for fixed and semi-
fixed ammunition is somewhat more critical than
that for the separately loaded type. Here both
processes of loading the round and of extracting the
cartridge case must be considered. Chamber slope
arid clearance aid both activities. Clearance between
case and chamber should tie sufficient for casy
loading but the space should not tie so large as to
permit exeessive plastic deformation or rupture.
When the round is fired, propellant gas pressure
expands the case to the chamber wall. As the case
itself is iiot strong enough to withstand the prcssiirc
of the chamher miist be designed to prevent excessive
dilation, as detailed below.

62. The mechanics of case recovery is demon-
strated by the stress-strain curves of Figure 17. It

must be assumed that the chamber recovers com-
pletely from the dilation due to propellant gas pres-
sures otherwise the chamber too would be stressed
beyond its yield strength and therefore improperly
designed. The yield strength of quarter hard 70-30
cartridge case brass is 40,000 Ib/in®* The case,
being too thin to contain the gas pressures, will ex-
pand beyond the initial clearance to the dilated
inner wall of the chamber. The total case expansion
is represented by the distance, or, on the stress-
strain curves. The corresponding stress is indicated
by y. Assume that the initial clearance equals the
strain, ox,, which is beyond the strain corresponding
to the yield strength of the case. As the gas pressure
falls to zero, the chamber will recover totally from
its expansion, r to r,. In the meantime, the case,
being stressed beyond its yield slrength, will not
return to o but to r,, the clastic flow back, which is
found by drawing a line through y parallel to the
modulus oy,. If ox, is less than the initial clearance,
oxr, (Fig.17a), aresultant clearance, 2.z, is available,
making the case free for extraction. If or, is greater
than the initial clearance, an interference x.z,
(Fig. 17b) develops, claiming the case and rendering
the extraction difficult. Assuming the same case and
pressure for both curves, Figure 17b obviously is
based on a thinner chamber wall. By observation,
the logical way to prevent interference caused by
excessive dilation of the case is to inerease the
chamber wall thickness or to reduce temperatures
in the ehamber region thereby maintaining small
clearances between case and chamber. The ac-
companying lower stress and strain shifts xy toward
the ordinate so that », will fall 1o the left of z,
thereby ensuring the clearance necessary for extrac-
tion. Small initial clearances are also helpful. How-
ever, for a small permanent set (nr)), case elastic
flowback (r;2) must be a minimum.

63. Longitudinal clearance is also involved in load-
ing procedures. If this clearance is too large, cases
may pull apart, delaying extraciion in slow-fire
guns but jamming automatic weapons. Dimensional
relationships are established to provide automatic
small arms with longitudinal interference between
case and chamber and invite crush-lip. Sufficient
residual energy must be available in the moving
breechblock or holt to perform this function. The
amount of required energy is not predictable, hence,
tests must be made on a prototype to assure proper
action. If erush-up demands too muech of the avail-
able energy, the chamhcr is deepened to relieve the

* Reference 6, Table 26,
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interference. In some designs, a nominal interference
is determined by allowing metal-to-metal eontact
for a minimum case aiid a maximum chamber.
This provides crush-up for all conditions exeepi the
one where the coiitacting surfaces just meet . Present
practice docs iiot provide crush-up in artillcry; a
iiomiiial clearance of 0.010 inch being eurrently
used. Figure 18 shows the details of a chamher in-
cluding the longitudinal dimensions to the bolt or
breech face where the base of the cartridge casc
bears against it. All pertinent dimensions arc shown,
most of which are dictated by the size and shape of
the caw. The radii at the first aiid sccoiid shoulders
are tangent to lhe straight lincs hut their locations
are determined from the points of intersection of
these lines. The arcs eonform to their ecounterparts
on the cartridge case but, according to exixstiiig
¢hambers, arc iiot correlatcd with chamber size.
In addition, the sccoiid shoulder in the chamber of
many artillery tubes extends directly to the forcing
cone or is totally absent.

2. Chamber Slope

64. Chamber slope is an added precaution to en-
sure ready extraction. If, for some reason, the case
retaing contact with the chamber after propcllaiit
gases disappear, the slightest motioii of the case will
break the contact, {reeing the case for extraction

without further interference. Some leeway can be
exercised for chamber slope which is demonstrated
by 10 eonlemporary guns having diametral tapers
varying from 0.0064 to 0.035in/in. A chamber slope
having any of these tapers may be used if both
case and chamber have the same nominal taper.
Diametral taper is also referred to as included taper
per inch (TPI).

3. Forcing Cone Slope

65. Great variety is found in the slopes of forcing
conte angles. These vary from 0.040 to 0.3350 in-
cluded TPI. Table 7 shows the included taper per
inch of the forcing cones of a number of small arms
aiid artillcry guns.

A shallow taper permits a relatively long pro-
jeetile travel before rotating band contacts forcing
cone which increases the length of free run to invite
a high impact velocity. A steep taper reduces this
{ravel thereby providing a short free run and hold-
iiig the impaet velocity to moderate speeds. Figures
19a and 19b illustrate the two types. A double taper
foreing eone (Fig. 19¢) embodies the favorable as-
peets of both; the short distance before contact is
made and the gradual engraving by the rifling. The
interferences between band and forcing cone are
purposely cxaggerated in order to demonstrate
elearly the dimensions which control the length
of free

4. Chamber Geometry—Recoilless Guns

66. Theorctical and experimental data have been
¢olleeted to study the behavior of different chamber
shapes but morc work is needed before optimum
chamber shapes can be finalized for general require-
ments alone*. The present trend in design is toward
the eonical shapef. It has the ability to meet the
gas flow requirement which stipulates that the

* Reference 7.
t Reference 8.

TABLE 7. FORCING CONE SLOPES.

Tube Included TPI

in/in
Cal. .30 Machine Gun 0.040
Cal. .30 Rifle 0.200
Cul. .50 Machine Gun 0.040
Cal. .50 Rifle 0.082
20 mm Machine Gun 0.2036
30 mm Machine Gun 0.050
37 mm Machine Giun 0.100
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Tube Included TPI

in/in
37 mm Gun M3A1L 0.1514
75 mm CGun M3 0.1367
76 mm Gun MIA2 0.2000
90 mm Gun MT1A1 0.2680
105 mm Gun M3T4 0.3350
120 mm Gun M1 0.1333
135 mm Gun M2 0.1000



(c) DOUBLE TAPER

B = ROTATING BAND

G = RIFLING GROOVE

P = PROJECTILE

T = TUBE

tp = PRE- CONTACT TRAVEL

FIGURE 19 Forcing Cone Study.

veloeity of the gas approaching the nozzle throal
should be approximately zero, meaning, in cffeet,
an ideal veservoir of infinite volume. The finite
reseevolr can clozely approximate the ideal by having
the ehamber approach arca adjacent to the nozzle at
least four finwes the throat area or .t, > 44, In
practice, conical chambers having a much lower
ratio, of the order of 1.7 to 2.0, can he tolerated
with acceptable vesults,

67. Tiguwre 20 is a schematic of 1he interior of a
recotlless giui tube showing bore, chamber and
nozzle. The chamber has three scctions consisting
of the nozzle entrance, the body, aiid the forward
end leading to the bore. The body is considerably
larger than the other two. Chamber volume is de-
termined from interior ballistic requirements. The
assigned desigii data arc

L =F (v — 1), ft-Ib/lb (propellant potential)
F = specific impetus, fi-1b/1h

w = ratio, rifle recotl momentum to projectile
momettun

1, = mass of projectile

v, = muzzle velocity

IV, = weight of projectile
A = loading density

4, = maximum bag de/nsity of propellant (ap-
proximately 0.5 for existing chambers)

v = ratio of specific heats of propellant gases,
constant pressure to constant volume

The calculated design data for chamber volume in-
clude muzzle energy, weight of charge, aiid volume
of charge. 'The kinetie energy of the projectile at
the muzzle, or muzzle energy

W,

1 5 )
27y v (4a)

K = 3. =

The weight of propellant charge

DI — ‘) F
O~ :[Z‘\_ |:] + (]__“l") }/“_q]‘_] Ih* (1h)

The required chamber volume

¥

. C N Yy
- ) - 2 3
Vv, > A> 27.7 % /b (1e)

The bag space, or the space occupied by the propel-
lant package of a ronnd of ammunition
v, =L (4d)
e = =— ¢
A,
Assuming that the minimum cross-sectional area of
propellant charge is the same as the nozzle throat
area, the required maximnm chamber length

[ln = — (4(})
When the chamber 1s a conieal frnstum whose minor

radius is the bore radius, the volume of the chamber
body becomes

v, =Tkt 1k o) (4)

where

r, = radius of nozzle approach arca, .1, deter-
nmined from Equation 5b

b = hore radins

This volume is aceeptable 1t 11 meets the require-
ments of Fquation de.

*
Reference 9,

NOZZLE CHAMBER

BORE

FIGURL 20. Schematic of Recotlless Gun.
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FIGURE 21, Nozzle Entrance Geomelry.

(8. The nozzle entrance is part of the chamber. It
is extremely short, serving merely as a smooth
junction between chamhcer body aiid iiozzlc throat.
A generous radius of the order of one inch sweeps
through the throat and becomes tangent to the
nozzle siirfacc to establish a smooth flow path. The
volume of the iiozzle entrance is the solid of revolu-
tioii generated by rotating about the r-axix an arc
of the fourth quadrant of a cirele whose center is
at y = b (see Fig. 21). The arc begins at + = 0
and extends to » = a with &+ = r being the upper
hmit. The volume of this solid of revolutioii is

5
. .«
T, = w(abz + a’ — =

2 2 2 o~ @
™ — a® — br’sin” 7> (4g)
.

The total chamber volume less nozzle and bore
entrance volumes determines the chamber length.

D. NOZZLE DESIGN, RECOILLESS GUNS

69, The recotlless rifle is a gun which overcomes
recoil forces by utilizing part of the propellant gases
to produce aforce in the forward direction. The rear-
ward ciid of the chamber opens iiito a converging-
diverging nozzle which allows the passage of a
fraction of the propellaiit gas and its associated
momentum to the roar. For a given nozzle geometry,
the orifice cross section is adjusted until the net
pressure forces arc of the proper magnitude to
neutralize ecach other. Thus, the rearward momen-
tum of the gases which issuc from the iiozzle is
utilized to counteract the equivalent forces imparting
forward momenium to the projectile, and impulses
due to other factors, such as projectile friction, en-
graving resistance, or gas drag.
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1. Parameters

70. The dcsigii of a recoilless rifle is based on four
nerrelated parameters: (1) the ratio o rifle bore
arca to nozzle throat area, (2) the ratio of iiozzle
approach arca to throat area, (3) the divergence
aiiglc of the iiozzlc cone, and (4) expansion ratio
of nozzle cone, A,.74,. The criteria assigned to the
parameters arc based on rocket theory, but final
iiozzlc dimensions are adjusted for a given weapon
design on the basis of empirical data obtained from
balancing experiments (see paragraph 78). These
empirical data are:

% ~ 1.45 (ha)
if

A, 5 -

— = 170, (5b)

the divergence aiigle is less than 15° (included
angle), and if 1,/4, =~ 2 where

A,, = nozzle approach area
A, = bore arca (known)

A, = ilozzlc exit arca
.1, = nozzle throat arca

Sinee a significant portion of the balancing force
of a recoilless rifle is caused by the reaction of escap-
ilig gases on the cone of the nozzle, the third param-
eter, the divergence angle of the cone, is significant.
The divergence aiigle influences the component of
balancing forees created by the velocity thrust of
the nozzle gases. This influence is represented by the
divergence angle correctioii factor

1 — cos 2« .
A= 3¢
' 4(1 — cosc) (59
where
a = half angle of the diverging cone.
Tiguation Ja may now be corrected to
A > 145 (5d)

A,

However, for values of @ < 15°, A does not deviate
sufficiently from unity to warrant any analysis
beyond that provided by Equation 5a.

72. After o has been established, two remaining
dimensions of the nozzle are specified for a given
type of nozzle, iiamely, length and exit radius, one
being dependent on the other. Other parameters to
be considered arc
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p, = stagnalion pressitre (pressure at -1, leading
to nozzle)
p. = chamber pressure

The approach area to throat area ratio, A,/d,, is
determined from guation 5b. This value, when
entered on the pressure ratio-area ratio curve of
Figure 22, indicates p./p,. Sinee o1,/4, is known,
the ratio 4,p./4,p, 15 readily computed. Now refer
to Figure 23 and from the curve of the appropriate
momentum  ratio, locate the corresponding
A.74,* Then, the exit arca

w,

A, = (%)4 (5¢)
The radius of the exit arca
* Reference 10,
18 s
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FIGURTE 23. Lines of Constant Dimensionless Recoil,

Pressure Ratio-Area Ratio Curee,

o= VA (50)
The length of the nozzle cone
e _.,]l)i ~
in T tan o (’)g)

2. Nozzle Shape

73. A ceniral orifice itozzle (Fig. 24a) is of optimum
design in the sense that it is the simplest aiid lightest
This is most important becaunse low weight is usually

QP

(a) CENTRAL ORIFICE:

S

(p) BAR BREECH

{) KIDNEY SHAPED
FIGURE: 2. Nozzle Shapes-Schematic,
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a critical design eriterion. However, a number of
problems are associated with this type. [t does uot
permit torque compensation. Normally it loses more
unburned propellant through the nozzle, therefore
vielding less uniform ballistie performance than s
obtained from guns having other type nozzles.
FFurthermore, some difficulty i presented in pro-
viding for ready access to the round for firing. This
accessibility can be achieved either by attaching a
firing line, commonly called a pig tail, or by housing
a centrally located firing deviee suech ax that found
it a bar hreeeh {ype nozzle (IMg. 24b).

The bar breech derives its name from the bar
which is centered across the nozzle exit and houses
the firmg deviee. This arrangement is merely a
moditied central orifice tyvpe nozzle whose basie
throat and exit areas must be adjusted to com-
peusate for the bar mterference.

74.  Another type iiozzlc is kidney shaped (Iig. 2 te).
It has the advantage of having a solid center for
housing the firing deviee. Another asset is itx adapta-
bility to rifling torque compensation by canting the
nozzle sections or channels. Symmetry is essential,
Its disadvantages are complexily aud extra weight,
making it the most costly of all types to produce.
It also has the tendency to develop eracks m the
webs hetween the orifices. The mumber of kidney
shaped chamels are determimed Dby the avatlable
space for the required throat area. To swummarize,
nozzle shape depends on required throat area, the
type firing mechanisin, eariridge case geometry, and
whether weight and 1orque compensation are par-
tieularly critical.

75, Attachment of nozele 1o chamber depends on

loadimg nmiethod. If the gun 1s a muzzle loading type,
the nozzle and chamber can be integral. If it iz a
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breech loadiiig type, the nozzle can be hinged, i.c.,
be a part of the breech door. A new concept uses a
segmented iiozzle of 8 pieces held by a circun-
ferential spring. It dilates for the round to be loaded
by the radial displacement of the segments. This
type requires a pig tail firing line.

76, The nozzle is usually conical, diverging from
A, to A, Althongh the included aiiglc of this cone
ix theoretically satisfactory to 30°, smaller angles
are desirable to prevent detachment of flow. During
the development of the iiozzle, an imcluded angle of
14° provides a good starting point. However, a small
angle wuch ax this means a loug iiozzlc and more
weight. By readjustiiig the aiigle and length, an
aceeptable compromise can be reached between
wight, mcluded aiigle, aiid nozzle effectiveness.

3. Nozzle Pressure Distribution

77. The pressure in the nozzle is controlled by the
type propellant aiid the iiozzlc parameters. With the
aid of the enrve in Figure 25 the pressurc at aiiy point,
in the iiozzle for M10 propellant may be obtained.
The curve i< plotted for the =olutions of lquation 5h
where v for M10 propellaut is 1.21.

) Gl )]

P

B2 (3h)

RN

A, = ilozzlc throat area
A, = nozzle area at x

p. = chamber pressurc
p, = pressure in iiozzle at «x

where

4. Recoil Balancing

78. In the recoilless weapou field, recoil is defined
as the momentum of the weapon which is derived
from the residual impulse between guii tube and
nozzle. An ideal iiozzlc would maintain the weapon
motionless during the firing ¢yele. However, perfec-
tion is tiot songht since variations in performance are
always present aiid slight vanatioiis from round to
rountd are unavoidable. In the long rum, the pro-
gressive wear iii the tube aiid iiozzle will aggravate
these variations. Hence, a slight amount of recoil
is tolerated. In fact, some recoil is deliberately
planned since it is desirable, for maximum iiozzlc
life, to have the imitial recoil at as high a level as
can be tolerated, in the rearward direction. As the

* Reference 11,



nozzle throat wears, rearward recoil diminishes to
zero and ultimately forward motioii occurs.

The criteria for establishing limits on recoil are
determined from the effects on the gunner or on the
mount. For shoulder fired weapons, the effeet of
recoil on the gunner will be reflected in physio-
logical effects of excessive rearward recoll, effects on
his stability, and psychological effeets of forward
recoil. The recoil should iiot be so severe as to
injurec him, or to destroy his aim by disiurbing his
stability or cause him to flineh. Limited (ests have
indicated that {he hnpulse shonld iiot exceed 3.0
Ib-sec (rearward), the limit specified for the 90 mm
M67 rifle (Military Specification, MTIL-R-45511),
Experience with eonventioiial weapons leads him
to expect rearward recoil of reasonable intensity
aiid he will accept it, but forward recoil will he dis-
concerting. On a mount, the cffects of recoil forees
involve stability aiid strength of structure ineluding
attachments such as the mounting trimmnions of the
guii. Usually, the stability of the system dietates tho
rearward aiid forward limits of recoil. When these
limits have been established, the effeets on strue-
tural strength can be absorbed by designing the
mount accordingly.

Recoil is usually specified as an impulse. Since
impulse and momentum haw the same dimensions,
the equatioiis associated with recoil may be stated
m terms of momentum. On this basls, actioii aiid
reaction being equal and opposite, the momentum
of the rceoiling mass plus the impulse of that gene-
rated by the nozzle equals the projectile momentum.
Ixpresszed as an equation

ta
.+ [ Fodt =My, (6)

where

F, = nozzle force

M, = mass of projectile

A7, = momentum of rccoiliiig mass

t, = time of propellant gas pcriod

dt = differential time of applicatioii of F,
2., muzzle veloeity (measured)

Firing tests performed with the recoilless rifle sus-
pended as a pendulum provide the data for com-
puting the projectile aud recoil momciitum of Equa-
tion 6a and hence, for, recoil balancing. The weapon
is freely suspciided and fired. Muzzle velocity, ampli-
tude of pendulum swing aiid period are measured.
These measurements are used to determine pro-
jeetile momentum and recoil momentum of the
suspended mass. Thus:

20V > .
A, =T (Gb)
Ty
where
g = acceleration of gravity
T = pcriod of pendulum
I, = weight of suspended ma=s after firing
r = linear amplitude of peudulum =wing

Recotlless weapons with fixed vents can be ad-
justed to the desired recoil balance by inercasing
the throat area to decrcase rearward recoil or by
decreasing the nozzle length to increase rearward
recoil. The former method ix simpler and is most.
commonly used, although in some designs it is
necessary 1o exercise care in determining the loca-
tion of the threat (minimum cross =cction for gas
flow). Newly designed nozzles should have the
throat resiricted more than necessary in the test
gun to assure a substantial rearward recoil. Snhse-
quent developmental firing tests will indicate the
degree of enlargement to meet the specified recoil.

79. The procedure for computing the change in
throat area 1= based on the change in momentum
necessary to be compatible with the specified recoil
momentnm.

Al, =M, — M, (Ge)
where
A, = specificd momentum of recoiling maxs
Ad ., = required change in momentum

Small changes i recoil momentum are approxi-
mately direetly proportional to nozzle throat area,
thereby forming the relationship:

AM
ad, ~ A, - 6
Mo, (6d)
where
A, = origimal nozzle threat arca

A4, = indicated change in throat area

Sinee this relationship 1% approximate, variables
such as propellant gas pressure and chamber-nozzle
configuration may yield even wider deviations.
Henee, Equation 6d should be used as a guide only.
A more precize relationship becomes available for
the individual gim after interpreting the experi-
menial data ohtained for thix gun during the balane-
Ing process,

It is important 1o note that when the required
amount of material is removed from the throat of
ithe nozzle, the remaining sharp corners or diseon-
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tinuities should tie carefully blended into the original
entrance radius and the divergent conical surface.
Failure to do so will seriously affect nozzle per-
formance. Adjustments that can be made in the
field to compensate for changes in recoil due to
nozzle wear are desirable. An example is the 57 mm
recoilless rifle, a shoulder fired weapon, which pro-
vides for recoil balancing by use of replaceable
throat rings.

E. BORE
1. Bore Diameter

80. The nominal bore diameter is determined by
the combined cffort of ballistician and projectile
designer in meeting the terminal ballistic require-
ments of the projectile. Although the tube designer
specifics surface finishes and tolerances, practice
has set a plus tolerance of 0.002 inch on practically
all tubes of 20 mm or larger. Smaller tithes have
smaller tolerances, usually 0.0015 inch.

2. Bore Length

81. The length of the bore is determined with the
aid of interior ballistics. For a givcii projectile, a
propellant charge is designed which will impart the
required velocity within a distance, i.c., bore length,
compatiblke with the particular nse of the weapon.
If the ballistics of an established round of anununi-
tion meet the requirements of a proposed gun, then
the bore length is made to coineide with the travel
distance to the poiiit corresponding to the destired
muzzle velocity on the velocity-travel curve. An
approximate length can be determined provided
several data are known. This method is used in
recoilless rifle desigii. Assuming that the data are

4, = bore area
a,, = maximuni projectile aceeleration
K = kinetie energy of projectile (Equation 4a)

M,
i

projectile mass
piezometric efficiency

II

The maximum propellant gas pressure

M., -
Pow = (7a)
The bore length
K, ”
x, & Y (7h)

p is determined from empirical data from test gun
firings. In the absence of such data ¢ = 0.6 is a
rcasonahble approximation for guns with expansion
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ratios, V,/V,, & 2. Where V,/V, equals the ratio
of final gun volume to chamber volume. IFor higher
ratios, p will decrease.

F. TEMPERATURE DISTRIBUTION

82. The temperature distribution along the tube
and across the wall induees thermal stresses which
may become appreciable. Although temperatures on
the outer surfacc and through the tube can be
readily measured, instrumentation to measure the
temperature on the immediate bore surface has still
to be perfected. Consequently, temperatures here
ean oiily be approximated. This approximation be-
comes more difficult and less reliable when tempera-
tures must be predicted for a new design since no
accurate method is available for computing them.
Tempcrature estimation thcrefore depends on good
judgenment and experience. Thermal stress is not a
design criterion for tubes o slow-fire weapons, but
it is for machine gun type barrels. In a caliber .30
machine gun lined barrel, the maximum differential
between bore and outer surface is 600°F at the
poiiit of maximmum outer temperatiire. The corre-
sponding bore surface temperature is assumed to
be 2000°1". I'igure 9 shows the variation along the
outcr surface. The temperature gradient across the
wall is assumed constant at 600°F along the tube
from the breech to the point of maximum tempera-
ture. From the point of maximum temperature to the
muzzle, it decreases as wall thickness decreases.
One method of estimating =cts the temperature
gradient at 600°1° for a wall ratio of 2.0 varying to
oiic o 450°1 for a wall ratio of 1.5. The temperature
distribution curve shows a higher temperature be-
yvond the liner. This demonstrates the insulating
effect of the liner-{ube intersurface since the bore
temperatures of the liner are at least as high as
the bore temperatiires bevond.

G. RIFLING
1. Profile

83. Rifling and rotating band are intimately asso-
ciated because of their respective functions—that of
imparting torque to the projectile and that of trans-
mitting this torque. The mating lands are the load
transmitting members aiid should be designed so
that both rifling and band can support the induced
tangential load after engraving. The rotating band,
being of softer material than the rifling, will require
wider lands. Consequently, the rifling grooves will
be wider than the lands. Although no method, cither
theoretical or empirical, has been cstablishcd for



determining the ratio of groove to land width, a
ratio of 3 to 2 is rcasonable, and generally satis-
factory in praclice.

84. The number of grooves in present guns varies
approximately as bore diameter but still no precise
method for determining the number can be based
on this information. Eight grooves per inch of bore
diameter scems to be an appropriate value for the
equivalent pitch.

G~ 80, (8a)
where

(G = number of grooves (to the nearest whole
number)
D, = bore diameter, in.

If the 3 to 2 ratio and the pitch are maintained, the
groove width, b = 0.2356 in., and the land width,
w = 0.1571 in., are constants. Since the product
80, will not always be a whole number, the values
of b and w will be modified accordingly.

The dcpth of groove is the third parameter in-
volving the physical aspects of rifling. Here agam
presciit rifling offers only a guide, not an exact
procedure. Based on present dimensions, a nominal
groove dcpth of

h = .01D, (8b)

is in keeping with accepted practice. Generally the
smaller bores ha\e groove depths exceeding this
dimension whereas for large bores the groove depths
are slightly less. Weapons having low propellant
gas prcssure arid low muzzle velocities, such as
howitzers and recoilless guns, may need oiily half
this dcpth but hypervelocity weapons may neced
cousiderably more. Rather than vary depth of rifling
to correspond to the particular typc tube, it may be
more feasible to vary the band width to provide the
same compciisation.

Some option may be exercised in determining the
rifling parameters of groove number and size since
present weapoiis have demoiistrated that deviations
from any rifliiig pattern ean be successfully applied.
Heretofore the number of grooves has been re-
stricted to multiples of 3 or 4 to assure proper land
or groove alignment for 3 or 4 tipped star gages.
Now that air gages are available, this practice is no
longer necessary. Figure 26 has the curves of groove
dcpth aiid number of grooves of present rifling
plotted with bore diameter as the abscissa. Many
points do iiot fall on these curves hit the trend ix
general. No such trend is available for either land
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FIGURE 26. Groove-Bore Relations.

or groove width. For a ready reference, the various
parameters of standard rifling profiles are provided
in Figure 27. For a new tube, the practice is to select
the standard rifling profile for that ealiber. The
standard profiles may not he optimum in strength,
durability, and efficiency, but they have been suc-
cessful in many guns and have berome an exeellent
initial design. For guns which depart drastically
from what is considered normal ballistic coiiditions,
the standard rifling may iiot be adequate, thereby
calling for a modified profile. Even so, because of
their empirical status, standard forms should be
tried first, then, if found wanting, other profiles
must be tried. Since rifling and rotatiiig bands work
as a unit, considerable attention should he directed
toward the band design before any rifling form is
finalized. Close collaboration with the projectile de-
signer should yield rifling and rotatiiig hand with
a high degree of compatihility .

2. Rifling Twist

85. The rotational velocity of the projectile, or
bullet spin, varies directly with the tangent of the
developed rifling curve. Since two primary require-
ments of exterior ballistics are the values at the
muzzle of velocity aiid spin rate, the tiibe designer
is given the required cxit angle of the rifling or the
bullet spin. But the tube designer is also concerned
with the rifling characteristies throughoiit the tube
aiid thercfore is also given the interior ballistics
curves. The twist of rifling is usually expressed in

31



calibers per turn, i.e., the bore length measured n
terms of calibers in which the rifling makes one
complete turn. There are two types o rifling twist',
uniform and increasing. In uniform twist, the rifling
has a constant angle from origin to muzzle, whereas
in increasing twist, this angle varies in accordance
with an exponential curve. The gencral equation

BORT D, q D,
20MM 0.787 ) 0.817
30MM 1.181 16 1.216
ATMM 1.157 12 1497
10MM 1.573 16 1.618
57MM 2.244 24 2.284
T5MM 2.950 28 3.010
3-IN 3.000 28 3.080
JOMM* 3.543 32 33555
AOMM 3.543 32 3.623
106MMT 1.134 306 4,104
105MM* 1.131 36 4.208
105M M 2134 306 4,224
106N M 4.134 36 1.208
+.5-1IN 4.500 32 4.574
4.7-IN +.700 12 1.790
6-IN 6.000 48 6. 100
155MNM 6.100 48 6.200
8-1N 8.000 61 8.140
240MM 9440 68 9.609
10-IN 10.000 72 10.160
121N 12.000 84 12.200
14-IN 14.000 92 14.240
16-IN 16.000 D6 16.280

* Recoilless Exclusively
T Howitxzer

FIGURE 27. Standard Rifting Profiles,
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for the rifling curve is

where

AG

004
004
004
004
004
004
004
002
004
004
004
004
004
.006
006
006
006
006
008
008
008
Q08
008

n
p

y =pz

= exponent which defines the rifling curve
= constant determined from the exit angle

205

135

2314
2:3)--
1736
18066
1866
1978
1978
.2 108
2108
2108
2108
2045
2016
2193
2403
2350
2619
2619
20693
L2868
3142

w

205
098
15
089
120
444
15
15
15
15
.15
15
15
473
15
L1434
15
1571
1746
A744
1195
1912
2004

02

02
02
02
030

015
015
015
015
015

(9a)



» = axial length of rifling curve
y = I8, peripheral distance of rifling around bore
(Iiquation 11)

The constant, p, is found by differentiating Ilqua-
tion Ha.
dy

.
7 = pnr
dx p

1

= tan « (9h)

where tan o is the slopc of the developed rifling
curve. In other words, « is the angle formed Dy the
tangent to the rifling curve and the x-axis which is
parallel to the bore axis. Por constant twist rifling,
n =1and p = tali o At the end of increasing twist
rifliiig where « becomes the exit angle, Fquation 9b
becomes

pnry ' = tan ag “o
where
xx = total axial length of the portion of the rifling

eurve which follows the assigned equation
ap = cxit angle of the rifling

_ tan ay ¢
p = pRCR “Od)

Conseguentiy, the general equation may be written

tanep .
= n.l‘t;;—l R (.}P)
dy _ tan o = t—m‘_ﬁ,li . (9f)
dr re
- 1t n— Dtanayr , -
'_1’_11 =t o L—ng_& O (9g)
dx dr X

When the required twist of rifling at the muzzle is
expressed in calibers per turn, .,

™
J€] N = — g
tan ag " (Oh)

Equations 9f and 9g may be written

™ —1 .
tanag = — =3 & (]
a 1 (91)
d tan « wn — 1) , . .
= —<—";:1_> x (9))
dx Ny

3. Rifling Torque#

86. The rifling torque ix derived from the propellant

gas pressure applied to the base of the projeetile
* The material presented on the mechanies of rifling is

based on data made available by Springfield Armory. Refer-
enece 12,

N NCOSa
N SIN a
LN SN a
= N
" 2
T x

FIGURI 28. Rifling Force Diagram.

and from the slopc and change in slope of the rifling
curve. Figure 28 is a diagram of the dynamics
mvolved.

N = induced force normal to rifling curve
uN = frictional force parallel to rifling curve
IR = radius of projectile; bore radius

€ = aiigiilar dizplacement of projectile

o = angle of twist
I coeflicient of frictioii

The torque on the projectile induced by the rifling 1s

T = &é (10)
where
d = M,p°, polar mass moment of iertia of
projectile
6 = angular acceleration of projectile
p = polar radiux of gyration of projectile

A, = mass of projectile

From Iigure 28,

y=Ré (11)
dy df do di 1
— = { — —— — D — — = — 2
gy = fane = R vl R T RGD (12)

where
¢ = linear veloeity of projectile.
The angular velocity or spin rate from Fquation 12

. ¢ tan o )
6 = 7 (13)
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The angular acceleration

d(dt dr

g dé _ ldwtancy 1
dd R dt R dt
1(@61_1/ @M@)
= R\df de ' di di* dt

x|~

. d tan a
(a tan a .4 Egzg “) (14)
where

a = limear acceleration of the projectile.
Substituting the cxpressioii for § in Equation 14
into Equation 10, the rifling torque beeomes
Mo > d tan a)

R dr

By observation, in Figure 28, rifling torque may also
be expressed as

T:

(a tan a + v (15a)

T = N(cosa — usina)R (13h)

Solved for the land force by equating the torques of
Equations 15a and 15b

M, p° ata”d%—vzﬁl_%ﬁ
YoE o 162
4 COS o — S« (16a)

Linear acceleration is equal to the net forward force
divided by the mass or the difference between the
gas pressure force and two resisting force components
indicated in Figure 28.

where

A = bore area
p, = propellant gas pressure

Rewrite Equation 15a by substituting the values for
N obtained from Equation 16aafter the acceleration,
a, in that equation has been expressed in terms of the
values of Eqiiation 16b. Thus

2 d
p,A tan o T app? A0

T=(Q0-ptano)R

Gracl Y

B + tan’ @ — p tan a( 2y 1)
p p

a7

87. It is possible to simplify cousiderably quation
17 by evaluating, relatively, some of the expressions.
(1 — ptan a) can be considered to be nearly equal to
unity, as both x and tan a arc small quantities, and
their product would therefore be iiisignificaiit. In the
denominator, tan® a is also an insignificant quantity.
The cxpressioii u tan a(R°/p° — 1) can be neglected,
because u tan «, as before, is a small quantity and
the value of (R*/p” — 1)for a homogeneous cylinder
is ecqual to unity. Equation 17 therefore reduces to
its approximate equivalent

+olma) g

'R dx

For uniform twist rifling, d tali o/dx is zero, and
Equation 18 reduces to

2
_ a7 P (A
T =23 (M,) tan a

A — Nsina — uN cos a A,
q- P : K (16h) T = £ —— Py tan a (19a)
4/11 [L
7000 ' i i
‘ | I 2
| . y:2
anon Vamm s i et P et I T
: yopi®
5000 — 3 : | — |
| ¥ =px! 625
z i I
1 4000 | + a e ¥:px
2 {
- | Yepyl 4
E I |
g 000 _.'—_\ ek S
o | |
= |
2000 | . | I~ }
‘ | | Y= px
1000 L +— [ _
5 i | ‘ | |
o 10 20 50 &0 70 BO 90

LENGTH OF RIFLING {in)

FIGURE 29. Torque Curves for 87 mm Gun.
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FIGURIS 30. Effects on Rifling Torque by Varying Exit Angle.

Siuee all quantities ou the right hand side of the
cquation, except p,, are constant for a giveii gun,
Fquation 192 may be written

T = Kp, (19h)

where K, is 2 constant whose value is (p°4, tan o) /R.

88. The advantage of inercasing twist rifling is
demonstrated in Figure 29, Here a series of curves
of vomputed rifling torques for a 37 mm gun show
the distribution along the barrel. They fulfill the
purpose of ncreasing twist rifling by reducing the
torque near the origin of rifling where it is most
damaging. The cwrves alko demonstrate that just
any increaxing twist rifling is not the sole answer
as higher than necessary torques may still be in-
duced. The ideal 15 a curve approaching constant
torque such asx that of y = pa’ ™. Although the
remalning cinves show less torque at one extremity,
the other end, cither at origin of rifling or at the
muzzle, has imduly high torques to compensate tor
these corresponding low values. The effects on rifling
torque by varving the exit angle for a constaut and
an hereasing twist rifliiig arc illustrated in Figure 30.

As nientioned carlier, some increasing twist rifling
with free run have, at least in theory, au infinite
torque applied instantaneously at the origin. A
curve is available which climinates the infinite
torque. It is the quadratic parabola whose axis of
symmetry is rotated from the perpendicular axis®.
This tipped parabola is so construeted that the
origin of the coordinate axes lies to the left of the

* Reference 13,

point of tangency on the abscissa, i.c., the origin
of the coordinate axes and the rifling do not coincide
(Fig. 31). Thus, the variable x will always have a
value greater thaii zero anti an iufinite torque is
avoided. The curve may be written as

8.1'1/2 _I_ 211/2 =p (203)
or
y=p — 2psat’* + s (20b)

The constants s and p are obtained by substituting
known values of the first derivative of Equation 20b.
These are

tanae = 0 when 2 =a
and
¥
tan o = " when z = a 4+ zp
where
= arbitrary distance from origin of coordinate
axis to origin of rifling curve. Light calibers
15 & reasonable value for a.
rp = axial length of rifling curve m bore.

/'

-

\

RIFLING

=]

e

l \
ORIGIN OF

K —

FIGURE 31. 77pped Parabola.
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TABLE 8. RIFLING TORQUE CALCULATIOSS FOR EXPONENTIAL RIFLING.

r tan d tan « (_1> Pa X 103 ¥ X 10 T, T, T
(in) a dr in (psi) (ft*/zec?) (Ib-in) (Ih-in) (Ih-in;
0 0 0 10.0 0 0 0 0
1 0.0169 0.01053 +1.0 .99 3.9 3.4 e
2 0.0260 0.00814 47.5 1.37 6.4 6.1 12,5
3 0.0335 0.00699 45.9 2.10 8.0 8.1 16.1
4 0.0400 0.00626 429 2,79 8.9 9.6 18.5
b) 0.0461 0.00577 384 3.12 9.2 10.8 20.0
G 0.0516 0.00539 33.4 1.04 8.9 11.Y 20.8
F 0.0570 0.00509 202 4.54 8.7 12.7 21.4
8 0.06149 0.00482 26.0 197 8.4 13.2 21.6
9 0.0666 0.00462 23.1 d.38 8.1 13.6 21.7
10 0.0711 0.00445 21.1 5.7 7.8 13.9 21.7
11 0.0°755 0.00428 19.2 6.00 7.5 11.1 21.6
12 0.0708 (L0415 17.5 6.25 7.2 14.2 214
13 0.0839 0.00102 16.2 (.50 7.0 11.3 21.3
14 0.08°78 0.00392 15.0 6.71 6.8 14.4 21,2
15 0.0918 0.00382 13.9 6.8 66 14.4 21.0
16 (.0955 0.00372 12.9 7.02 6.4 143 20.7
17 0.0993 (.00363 12.0 7.16 6.2 14.3 20.5
18 0.1028 0.003506 11.2 7.29 6.0 14.2 20.2
1Y) 0.1062 0.00:349 10.5 '7.40 5.8 14.1 19.9
20 0.1096 0.00342 9.9 7.51 5.0 14.1 10.7
21 0.1130 0.0013:36 4.3 7.59 5.4 110 19.1
22 0.1163 0.003:30 8.8 7.67 5.3 13.9 19.2
23 0.1108 0.00325 8.4 7D 52 13.8 19.0
24 (.1230 0.00320 8.0 7.84 5.1 13.7 18.8

89. To supplement the informatioii in Ifigures 29
aiid 30 and to illnstrate the method for computing
rifling torque, the torques arc computed for several
rifling curves of a cal. .30 barrel whose interior
ballistic curves appear w Iigure 16. These rifliiig
curves are

uniform twist,

quadratic parabola with one inch free run
tipped parabola with one inch free run
exponential with no free run

e. exponential with one inch free run

oo T

All exit at an aiigle of 7 degrees. The torque is
computed for cach rifling at one-inch increments of
travel. In addition to the ballistic curves aiid the
exit angle, other data are

L = 24 in* distance of projectile travel in bore
Rk = 0.15 in, bore radius
W = 140 grains = 0.02 Ib, projectile weight
p = .7R, radius of gyration of projectile.

The desigii data are incorporated into Equations 18
* Since /. is only slightly longer than rp for the no-free-run

condition, the two arc assumed cqual in this discussion with-
out involving serious ervor.
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or 14 aiid the torques computed for tach rifling. The
detailed calculations are listed in Table 8 only for
the exponential curve with no free run. Rifling torque
curves appcar il Figure 32 for all five types. To
simplify the tabulation procedure, the torque comn-
puted from Equation 18 is divided into two com-
ponents, the pressure component

2
4
T, = P_tha“ “p, =0.00519 tanap,  (2la)
and the velocity component
T, =, 5 1%‘—" — 000548 it(%‘" (21h)

The total torque now becomes

T=T, + T, :<51.9tali ap, T5.48° %)10“
(22)
a: Uniform Twist Rifling, y = pu
With 110 free run, vz = L = 24 int

I'rom liquations 9b and 9e,

1 See preceding foutnote,
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o o d diane Whene = a tr, = 254 1n., tan a = tan ap = 123,
tane =p =tan7° = 0.123 an de Substituting these values and solving for p
srefore. 1 7 jon 22
Therefore, from liquation 22, o= : 0.1231 — 0.426
T = 319 >< 10-1 >< ]23 y = 000(34 ¢ “)—ill 5T T e -
4 P . 24 V24X 254
h: Quadratic Parabola (1.0 in. Free Run), y = pa’ 0.8
m 652
With 1.0 in. free run, P =0.652; 8= 155 — 0.421
rp=L—10=24—-10=23in "
£ tan e = 0.177 — 0'.2,(74

Irom Equation 9b,

d tan o 0.137
0'21.:33 r = 0.00535x de |~ 2

tan ¢ =

. Fquation 22 now becomes
E'rom Equation Ye, I

= 0 _ 7 gop V2 75020521107 1h-i
dtane  0.123 T = [4.92 7.622 " ")p, + 0.750°7?]107* Ib-in

— — 0.00535
dx 23 d: Exponential (No Free Run), y = pa ™
Substituting these values into 1tquation 22 with no free run, vp = L = 24 in.
T = 27.8p,x 293107 Ib-in I'rom Toquation 9b,
- Tipped Paral .0 in. I're 0.123 |, 425 e 0,625
¢: Tipped Parabola (1.0 in. I'ree Run), e — ﬂrﬁ% 00 01686
y=p — 2psx’ + ¢

. I'rom Fquation Y¢
Lp = L —10=21 —1.0= 23 m
dtana _ 0.625 X 0.123 _ .01033

dr — 240 szsxo 375 - 1;"_373

a=8X2R =241in

According to Fquation 22

T = (85.8p,x" "™ + 5.78 2 "% )107" Ib-in

dx de® 22 The increment at 16 inch travel is selected to show
When 2 = g, tanq = 0,5 = p/ \/5, and tali @ — the detailed caleulation. Here
—p*/Var + p’/a. v, = 12,900 psi (I'rom curve No. 1, Fig. 16)
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v = 2650 {t/sce (From ciirve No. 2, Fig. 16)

z = 1l6m
0.625
" = 5.66,

tan ov = 0.01686 X 5.66 = 0.0955

dtaneo _ 0.01053
' de~  2.83

According to Fiquatioii 22
T = (51.9 X 0.0055 X 12,900 ¥ 5.48 x 7.02
X 10° X 0.00372)10" = 6.4 T 143 = 20.7 Ib-in

= 0.00372

7 =283

1 625

e: Exponential (1.0 in. Free Run) y = pe
With 1.0 in. free run,
Lp =L —10=21 - 1.0 =231n.
From Iiquation 9b,
0.123

L6235 — . 625
tan o = 9307828 2" = 0.01732°"

FFrom Kquation 9¢,

dtan o 0.625 X 0.123

- a0.625 0.375
dr 23 T

= 0.0108/2"*""

For this rifling curve, Equation 22 becomes
T = (89.8p,2""" + 592 "*)10™" 1b-in

90. The torque curves in Figure 32 indicate that
the cxponeiitial rifling, y = px' *™’, either with or
without free run are supcrior to the others masmuch
as their torques arc practically constant after reach-
iiig a maximum. After [ree run, the exponential
curve (curve d) has an mstantancous infinite torque
which is of little conscquence sinee it reduces to
12 Ih-in. in less thaii 5 mieroscconds. It soon reaches
the torque exhibited by its counterpart; the ex-
ponential curve with no free run. The two torque
curves theii continue aloiig the remainder of tho
bore travel within 3 percent of each other; so close
to each other that there would be some difficulty
in distinguishing them as hcing separate.

H. DETERMINATION OF THICKNESS OF TUBE
WALLS

1. Design Pressures

91. The fundamental data for the desigii of the
gun tube and its breech closure are giveii by the
pressiire-travel curve of the propcllaiit gases. This
curve is the plotted results of iiiterior ballistic
calculations, and its preparation is usually one of
the concluding steps in a feasibility study for the
weapon system. Methods followed by the interior
ballistician are available in other sources.*

The lower curve in Figure 41 is a typical prcssiire-

* References 14, 15, 16.
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travel curve. The pressure during the first short
portion of projectile travel rises very sharply, re-
flecting extremely rapid burning o the propellant
immediately after ignition. The engraving of the
rotating band and the inertia of the projectile create
enough resistance to retard projectile travel thereby
maintaining the relatively small volume conducive
to rapid burning of the propelling charge which is
normally complete shortly after peak pressure is
attained. Once past the point of peak pressure, the
continucd rapid increase in volume back of the
projectile as it travels in the bore causes a rapid
diminution of pressiire.

92. In order that gun tithes he designed in ac-
cordance with the developed pressure-travel curve
and that a measurc of iuiiformity be adopted,
agreement is necessary among all tube designers
on how the design data shoiild be employed and on
the terms by which these data arc identified. Many
of thcse data involve design pressures. The various
steps in arriving at the pressures employed for the
purpose of analyzing gun tithes of slow fire weapons
and the definitions of these pressures which appear
in the Gun Pressure Codet are:

Computed Maximum Pressiitc (CA/ ) is the
maximum pressure computed from interior ballistics
equations, developed in the giiii to achieve rated
muzzle velocity during operation at 70°I°.

Rated Maximum Pressure (217 F) is the maximum
pressure which should not be exeeeded by the
average of maximum pressiirc achieved by firing a
group of the specified projectiles at the specified
muzzle velocity and at 70°1°. RA/P is obtained by
inereasing the CM P by 2400 psi. It is used as one
of the ecriteria for acceptance of the propellant.

Permissible Mean Maximum Pressure (PMMP)
is the pressure which shoiild iiot be exceeded by the
average of the maximum pressures developed in a
series of rounds fired under any service condition.

Permissible Individual Maximum Pressure
(PIMP) is the pressure which shoiild not be ex-
ceeded by the maximum pressiire of any individual
round under aiiy service coiidition. PP/ is the
proof pressure for a wcapoii and is the basis for its
design. It is obtaiiicd by multiplying the RMP
by 1.15.

Information is now available to obtain the guii
tube pressure design curve. With the PIM P cstab-
lished as the new maximum chamber pressure and
with the weight of propellant charge unchanged, the
portion of the curve beyond the previous point of

1 Reference 17.



maximum pressiirc is recalculated. Sotc that the
PIMP is the effeetive pressure from the poiiit of
maximiim pressure back to the breech. Artillery
tube designers currently compute the values for
PIM P curve directly without first resorting to the
computed pressure-travel curve.

93. Basically the design approach of recoilless
weapons is similar to that for artillery tubes, hut
reflinements based on statistical treatment of results
of actual firmg data are then introduced. These re-
finements arc necessary due to the demand for
miimum weight while still retaining safety in firing.
Therefore, following the preliminary weapon design,
a test giiii is produced, having the desired interior
contour, but with wall thicknesses substantially in-
creagsed over those caleulated as being necessary.
With this gun a propelling charge is established to
give the desired mnzzle velocity with gun aiid charge
at 70°F. A sufficient number of rounds arc fired
to give adequate statistical data for establishing the
Normal Operating Pressure (NOP) which is the
average of pressures mcasiircd in a (est barrel firing
an established round to produce the rated muzzle
veloeity with the tcmperatiirc at 70°F. The NOP
then replaces the (VA7 P for final prototype weapon
design and the gini tube pressure design curve is
revised accordingly.

Permissible Individual Masimum Tressure
(PI3IP) is determined morc exactly than for artil-
Icry tiibes. R’ith the firing data from the test weapon,
and with the NOP established, a new design prcs-
sure curve is plotted. The methods for computing
NOP and P7M P appear later with the detailed
discussion on design procedures for the respective
tubes.

91, For small arms tube design, pressures for com-
puting wall thickness are obtained from pressure-
travel curves already established by firing tests
or computed by interior hallisticians. As with re-
collless and artillery tubes. the maximum design
pressure extends back to the breech. Chamber pros-
sures corresponding to the position of the projectile
are used rather than the actual pressure at the base
of the projectile. The pressure at any point in ‘the
bore by being somewhat lower than in the chamber
mtroduces a small factor of safety for stress com-
putation.

2. Strength Requirements

95. Having determined the pressures which will
act along the various scctioiis of the gun tube the

required wall thicknesses ean now he determined
for entire tube length. For this purpose, an allow-
able stress is assigned, above which no part shall be
stressed. This figure must not be greater than the
elastic limit of the material at the temperature
existing in the material. An exception involving
small arms is discussed later (Section 10a). The wall
thickuness so determined will be minimwmn arid may
be increased for handling or machining reasons. The
allowable stress assigned to a particular tube de-
pends on the nature of it= service. For rclatively slow
fire artillery weapous it is the clastic limit at 70°I,
which is defined as being 10,000 psi less than the
yield poiiit. FFor rccoillcss tubes, it is necessary to
consider the temperature attained in the tube
material aiid dcsigii the tube on tlie basix of the
vield point at that temperature. Figures 56 and 58
give properties of steels used in gun tubes at all
temperatures of interest. As discussed later
Seetion 104, small arms= tubes have been assigned
an allowable stress of 75,000 psi for approved steels.

96. As a convenience in design, the term Ilastie
Strength Pressure (I5S7°) has been established. Tt
is defined as the pressiire which produces an cquiva-
leut stress in the section wall equal to the allowable
stress of the giui tiibc material at 70°F. In a gun
tube of chanuging cross section there is an ESP
corresponding to cach type of section. 1°or recoilless
gun tube design an additioiial term is mtrodneed,
ealled /5P, the clastic strength pressure of a
hot tube. Formerly its value of 0.80 £S/” was used
to compensate for the degradatioii of material
strength at elevated temperatures. Now it is the
gas pressure at a point in the tube which produces
an equivalent stress at that point cqual to the yield
point of the material at the permissible maximum
tube temperatiire.

Kith more experience and additioiial design data,
a more cxact approach is available for the design
of prototype recoilles: gun tubes. Two conditions
make this possible. The first is au /£SP,,, computed
from the 227177 that is based on the anticipated
chamher pressure for firing at 125°L°, the upper
limit of the ambicnt temperature range for recoilless
gun operatioii. The =econd is the known degraded
vield strength of the tube material at clevated tem-
perature, ¥,. The allowable maximiim tube tcmpcra-
tiirc is nsnally made to correspond to a given rate
of fire or the allowahlc maximum temperatiire is
speeified and the rate of fire adjusted to it. The tube
is designed in accordance with the reduced strength
of the material at these elevated temperatures.
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Typical examples of the effect of temperature on
strength of recoilless tube material are shown in
Figures 57 and 58.

In this procedure, £SP;, . for design is determined
on the basis of the pressure generated by the firing
of a hot (+125°F) round in a gun that is no hotter.
A better estimate may be made of the design through
the use of data @if available) relating to the effects
of inserting a hot round into a hotter gun whose
tube temperature is at or near the permissible maxi-
mum. The gun could then be designed for the con-
ditions of equilibrium temperature of giiii and round.
These conditions are ciitirely system dependent aiid
gciicrally in the past, tests have not been conducted
to obtain such data.

97. Tor any given gun, the inside diameter is the
bore diameter and therefore is a constant except in
the chamber rcgioiis. For rifled tubes, the inside
diameter is the groove diamctcr, also a constant.
It is the bore diameter increased by double the
depth of groove. Since borve aiid iiiside diameter of
chamber are fixed, outside diameters and malcrial
arc the two general variables to be dctcrmiiicd. The
outside diameter and therefore wall thickness arc
based on the strength of the tube matcrial. The
pressure factor which is the ratio of design presslire
to allowable stress has a practical upper limit for
single simple tube construction. Equation 55¢ fixes
this limit at 0.5, i.e., the maximum design pressiure
must iiot be greater than half the allowable stress
of the tube matcrial. When this limit is exceceded,
the tuhc designer must resort to oiic of two alter-
natives available. He may use multilayer con-
struction, i.e., having oiic or more jackets shrunk
over the tube, or he may iisc autofrettage, the pre-
stressing, technique practiced in gun tube manu-
facture. These two design concepts, in addition to
the simple tube construction, arc later dizeussed i
detail.

3. Equivalent Stress

98. Gun tubes arc subjected to the three principal
stresscs which are produced by applied pressure,
shrink fit, aiid a temperature gradient through the
tube wall. Depending on the design technique, pres-
sure stresses may be used alone or they may be
combined with cither or both thermal and <hrinkage
stresses. The three principal stresses are

o, = taiigciitial stress
= radial stress
a, = axial stress
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These stresses arc then inserted in the von Mises-
Hencky ecquation following the “Strain Energy
Theory of Failure™ to find the equivalent stress, o..

20'3 = (a) - G-r)2 + (a) - 00)2 + (al - G-t)z (23)

The stressed material remains in the elastic range
so long as a, does not exceed the yield strength in
tension.

For an open end eylinder, ¢, becomes zero and
Equation 23 reduces to

& =¢ — a0 T (24)

4. Pressure Stresses

99. The stresses induced by the propellant gas
pressures are considered for all types of guns but
applicatioii techniques differ for the different types.
The design pressures arc adjusted to fit the indivi-
dual techuiques although the stress calculations are
identical. According to Lamé, the tangential stress
at any diameter due to the design pressure, p, is

o, = Popde Tt (25)

where

D, = iiiside diameter

D, = outside diameter

D = diameter at any point (varying from D,
to D)

For strcss computations, the rifling groove diameter
is generally considered to be the inside diameter.

wall

w2t ,
T =p ’ﬁ;g—_—i (26)
where
W = %: = the wall ratio

The general radial stress is

DUD, — D)

= _p ZRMeT 5S 27
Ty p Dz(Di . D?) ( “1>

The maximiim radial stress occurs on the iner wall
(27b)

Since the tube is not a closed cylinder, the only
axial stresses related to pressure are those intro-
dueed by the recoil acceleration aiid the frictional
forces induced by the projectile. As later shown in
paragraph 107, the axial stress reduces the effective
stress, thereby introducing a measure of conserva-



tive design when this compounent of the stress is
omitted from the analysis.

5. Rifling Torque Stresses

100. Rifling torque induces torsional stresses in the
tube of

F = (28)

where

¢ = distance from the center to the stress
location
J = polar moment of inertia of tube cross scetion

T = rifling torque

Torsional stresses of this nature arc usually low aiid
seldom enter into the stress analysis of the tube.

6. Shrinkage Stresses

101.  The jacketed or built-up tube is constructed
of two or more concentric eylinders assembled by
shrink tit. The shrink fit partly compcnsatcs for
the nonuniformity of the stresses later induced by
the propellant gases. This type construction permits
use of thinuer walls than a nonprestressed mono-
bloc. A routine procedure based on the maximum
shecar theory of failure has been developed to deter-
mine the wall thickness of tubes with oue liiicr and
one jacket provided that similar materials comprise
both. This procedure provides a close approximation
of the final wall ratio which eventually is determined
by iterative caleulations.

a. Tube With One Jacket
The known quantities are:

2 design pressure
D, = 1D dof liner
a, = working stress, may tie the clastic limit

The quantities to be determined arc:
D, = OD dof jacket
D, = OD of liner, 1D of jacket
P pressure at Dy, indueed by shrink fit
6 total shrink iiiterference between liner and
jacket

The wall ratios of tube and liner arc derived by
equating the stresses at each inner surface and
solving for the wall ratio of the built-up tube and
expressing this ratio in terms of allowable stress and
design pressure. Thus

D, o

(
Di Tw — P (23{1)

* Bused on the solution to Problem 202 found on page 328
of Reference 18.

The liiicr wall ratio is

D,

The jacket wall ratio is
D WD, gr=e
U' = =L = il = '\/IV QQC
YD /WD, .

The shrink fit prcssure equation is derived by re-
sorting to the Shear Theory of Failure which states
that

Te = 30, =0, — 0, (30a)
where
o. = radial strcss
o, = tangential sircss
o, = allowable {ensile strcss
7. = allowable shear stress
According to Lamé,
L i3 .
i ) S T
g = —p (30¢)
where
p = internal pressure
p. = shriiik fit prcssurc

W = wall ratio of total wall
W, = liner wall ratio (iiisidc tube wall ratio)

Substitute the expressions for ¢, and ¢, in Equation
30a. Further, substitute /1 for IV, (Iiguation 20b)
aiid for I in terms of u., (Equation 2%aj, then solve
for p,.
2

ST @
102. The equatlions for stresses and deflections of
gun tube walls are baxed on Lamé’s cquation for
thick walled pressure vessels wliich can be fouud in
most strength of materials texts. 1'he total deflection
duc to shrink fit is found hy adding those of jacket
and lincr. The diametral deflection of the liner

».D, (ﬁ_:tl _ )

E, \W: -1 "
where v is Poisson's ratio. The deflection of the
jacket

0, = (32a)

_ .y (”fl_ +1 )
A T

T Bused on Equations 114 and 415, page 325 of Reference

8, (32h)

18.
1 Based on LEqguation 362 and page 314 of Reference 18.
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where
W, = wall ratio of jacket.

If liner and jacket are of the same material, the total
deflection becomes

- _ p.Dy (Wi +1, Wi+ 1> on
S A\ T T s VA

The tangential and radial stresses on the inmer wall
of the liner due to shrink fit are, respectively,

2w
Py

Oy =

(334)

o, =0

(33h)

The corresponding stresses on thc outer siirfacc of
the liner are

we 1 ,
Opsy = — P 'H]%‘ -1 (';43')
Oray = —PS§ (34b)

The tangential and radial stressex on the Inner
surface of the jacket are

2

e 41

T, = 5

* .”Y_[ - 1
0., = Pa

(352a)

(35b)
At the outer surface of the jacket, the stresses are

2 .
P 1 (36a)

0',«53 =

CTrey, = 0

(36hb)

The stresses eaused by the propellant gases are
calculated as though the tube were monobloe. These
stresses arc then combined with those caused by
shrink fit. I the resulting principal stresses remain
undisturbed from othcr mfluences such as heat, the
equivaleiit stress is computed from Fquation 25.
If the result deviates too far from o,, the wall
thickness is modified to bring ¢, more in line and
the above analysis is repeated to e¢heck the modified
version.

b. Tube With Two Jackets

103. The known quantities are p, /);, o, identical
to those for the tube with one jacket. The quantities
to be determined are:

D, = OD o outer jacket

D, = 1D of outer jacket, OD dof iiiiicr jacket
D, = 1D o inner jacket; OD o lincr

D, ID o liner
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P = pressurc at [2,, induced by shrink fit
p.. = pressure at D,, induced by shrink fit

The wall ratio of the composite tube is based on the
workiug stress and the design pressure.
1 sz x

W = __ N
\/3p: 37)

no, -/

where
n = the number of layers, iii this case » = 3.

Various values of Equation 37 are plotted iii Figure
33. The complete jacketed tube is so construeted
that the individual layers have equal wall ratios.
It a constant, ¢, is assigned to the squares of these
cqual wall ratios, then

BY (- @) e o
Then
and
¢ =W (38¢)
Therefore the individual wall ratios are:
W.. = D/D, = W" (39a)
Wo = Dy/D, = W (39b)
Wa = D,/D, = W'* (39¢)
W,=D/D =W (39d)
W, = D,/D, = W (39¢)

The shrink fit pressure is found from Equation 31.
Half of this pressure is developed at D, arid half
at D, so that

Py = Po2 = 3 (40)

Distributled thusly, the shrink fit pressures require
approximately the same overlap at 1), and D,. The
taiigciitial and radial stresses on the inner surface
of thc liner due to shrink fit arc, respectively,

2w _2Ws,
BT TPawE T twWr— 1

23

(41a)

g, =0

(41b)

The corresponding stresses on the outer surface of
the liner arc

* Based on Equation 23 of Reference 19,
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Wit PN
G, = —Da ‘H/".lzl -1 —_ p.ez]I 21 I/;l _ T (123)
w1
Ors = —Ps1 — psznrgl W?%:—_ 1 (42b)

The two stresses on the mner surface of the ner
jacket

WAl L W R
Oy = Py ”y;l 1 p«z” 22 ”vj, T (43a)
72 ”Y;: 1Y
Gry = —Par — pxzwzl T2 (490
W,

The two strcsses on the outer surface of the inner
jacket
2 Wi +1

G S PaqprT o T Py (44a)

(41b)

Trs = —'p12

The taiigciitial aiid radial strcsscs on the inner
surfacc of the outer jacket

e 1 N
Tly = Par ”‘V:j“-‘__ 1 (45a)
Tre = — P2 (‘ij)

Finally, the two =stresses on the outer swrface of
the tube arc

Tro = Pax ﬂti: — (46a)

{(46h)

When the maximum equivalent stress of cach tube
component is not equal to the allowable strcss, wall
ratios and shrink fit pressures may be modified to
achieve this objective. Lquivalent siresses slightly
less than the allowable are acceptable; those only
slightly larger arc iiot.

104, Figure 33* shows variations between wall

ratios and pressure factors. The pressure factor is

* Computed from Equation 37,
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defined as the design pressure divided by the allow-
able stress: P°; = p/e,. The allowable stress may
be the yield streiigth, the elastie limit, or xome other
limit of praectical significance. In artillery o, is the
elastic limit. Figure 33 is a guide for determining
which type construetioii is most practical. Ifor
example, a tube with a pressure factor of >, = 0.80
will require the following wall ratios:

W = 20forn = = ie., cold worked
W =23tforn = 3

W = 325forn =2

n = number of layers

There is no =olution for n = 1 xince W = o
Equation 37 for any value of P, = 0.577. The
choice would De the cold worked or the thrcc-
layered tube. At the lower end of the pressure
factor range, the mouoblo¢ and two layered con-
struction become the most practical.

A practical approach to determine the effects of
shrink fit i1 small arms tube design (quasi two-
piece lined barrel decsign, Fig. 4) is shown later in
Paragraphs 133 and 1068. The shriiik fit pressure, as
a function of the interface fit, is computed first and
then applied to the inside eylinder as external pres-
sure and to the oiitside eylinder as internal pressure.

7. Thermal Stresses

105. Thermal stresses are usually considered for.
those tubes subjected to high rates of fire =uch as
small arms machine guns where large temperatiire
gradients appear across the tube wall. The low rate-
of-fire tubes haw sufficient time between rounds to
dissipate the heat so that stresses remain compara-
tively undisturbed by the relatively small changes
in temperature. For those tubes which are affected
by high temperatures, thermal stresses are combined
with pressure stresses to determine the tube wall
thickness. Figure 34 shows a typical thermal stress

E
|
i - Trt
f

Tat

FIGURE 31. Thermal Stress Distribution Across Tube Wull.
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distribution across a tube wall. The temperature at
any poiiit in the wall is expressed as

AT b
=W In " + ¢, 7
where
a = D, ’2, inner radius
b = D,/2 outer radius
7 = radius at any poiiit in tube wall
t, = temperature at inlier wall surface
£, = temperatiire at outer wall surface
AT =1t, —t,, total temperature gradient!
W = wall ratio

Whether the tube is of monobloc or multilayer coil-
struetion, the temperature and thermal stresses are
computed as though it were one piece. The tangential
thermal ~tresx at r is

. _ EaAT
T2 =y In W
-[1 R (1 +9i) In W:l (484)
rooWE—1 r
where
a = coefficient of linear expansion
v = Poisson’s ratio

I/ = modulus of elasticity

Whenr = a

oW?
Ty = ATn a — -WT*:*‘T In IV) (48b)
When r =10,
va AT ( ) )
= ad g mw T W (48c)
The radial thermal stress at r is
__EaAT
T — W
1 ) - é|

.[Wz — (7 ~ 1) W~ (492)

When » = a or when » = b,
o =0 (49b)



The axial thermal stress at r is

_ _ FEaar
e T 9l — ) Im W
b 2 ,> -
. _ 92— —= ;
(1 2 In il 7 W (50a,)
When r = a,

_ EaAT 2w j -
Ot = ’—L—,?(l A m W (1 NC— n W (50b)
When r = b,

_ _ EeaT ( 2 j) -
TRy mw LT W) 600

106. The methods for computing all the principal
strcsscs arc now available; pressure strcsscs, shrink
fit stresses, and thermal stresses. These are com-
bined before the equivalent stress is computed

o =0, To, To, G1)
o, = 0,, + 0. + 0n (52)
To = ol (73)

These stresses, when substituted in Kquation 23,
will determine the equivalent stress.

8. Inertia of Recoil Stresses

107. Recoil activity in single arid double recoil
systems introduces axial and bending stresses in
the gun tube. Recoilless tubes obviously are not
involved. Bending stresses are caused by moments
induced by the propellant gas force and its reaction,
which is the inertial force of the recoiling parts,
when reaction and force have different lines of
action, and by the inertia force due to the secondary
recoil of douhle recoil systems. In either case, the
stresses are low and unlikely to prove bothersome
when cither isolated or combined with other stresses.
Furthermore, secondary recoil does not begin uatil
gas pressures have dissipated and pressure stresses
have ceased to exist. These axial stresses caused by
aceelerating forces parallel to the bore have little
effect on the equivalent stress. To illustrate, Table 9
shows the effect of including the axial stress. Assum-
ing the tube to be a closed cylinder is the most con-
servative approach since this condition produce the
highest axial stress. When ¢.. is the equivalent stress
of the tangential and radial principal stresses and

TABLE 6. RATIOS OF EQUIVALENT STRESSES.

w oi/p ar/p au/p* ou/p ae/P .
3.0 1.25 —-1.0 125 1.948 1.953 1.003
2.5 1.38 — 1.0 190 2.06 207 1.004
2.0 1.67 —1.0 333 2.31 2.34 1.013
1.75 1.497 —1.0 ARS 2.57 2.62 1.020
1.5 2.60 —-1.0 800 311 3.22 1.035
1.25 +.57 —-1.0 1.790 1.83 5.16 1.070

* oo = p,/ (W — 1), axial pressure stress of closed eylinder.

a.; is the equivaleiit stress of the tangential, radial,
and axial principal stresses, thecir ratio R, = ¢../0.4
indicates conservative design. Although including
the axial stress attacks the problem more rigorously,
the tabulated results show a maximum overdesign
of oiily 7.0 pereent; this for a wall ratio of 1.25.
Larger wall ratios give a greater degree of agree-
meut between the two methods, substantiating the
accepted practice of usimg the shorter method of
Jquation 24 as sufficiently reliable for well de-
signed tubes.

9. Stress Concentration

108. Stress concentration will appear any place in
the tube where a discontinuity is present. Sormally,
generous radii overcome the disturbing influence of
reentrant angles and reduce the high stresses in these
regions to more acceptable figures Large radii are
riot present at the juucture between bottom of
groove and land but allowances for stress concen-
trations are made by using groove diameter stead
of bore diameter for stress analysis and by other
compensating features in design procedures such as
low allowable stresses (sce paragraph 50).

10. Special Applications for Tube Analyses

a. Small Arms

109. Small arms tube design, particularly for ma-
chine gun tubes, considers thermal and pressure
stresses. The methods for determining each have
been discussed. Pressures are read from the pressure-
travel curve which has been prepared according to
prevailing interior ballistic methods. This is chamber
pressiire and has been obtained by correlating the
pressure-time and travel-time data. Although the
pressure at the base of the projectile is less than the
chamber pressure, the latter is used in design, the
differential being accepted as a safety measure.
Figures 35 to 40 are graphs from which an approxi-
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FIGURE 35. Equivalent Stress as a Function of Wall Thickness
Ratio and Temperature Distance for an Internal Pressure
of 10,000 psi.

mate wall ratio corresponding to a given equivalent
stress can be selected for either a given pressure or
a temperature gradient or for both. I tube tem-
peratures are relatively low, the equivalent stress
may be allowed to approach the yield strength at
ambient temperature. If tube temperatures are high,
the allowable equivalent, stress must be reduced to
the yield strength at these temperatures. However,
when temperatures are extremely high, such as the
1400°F experienced on the outer surface of machine
gun barrels, the static yield strength becomes less
than 20,000 psi, far below the allowable equivalent
stress. Despite the discrepancy between strength
and stress, the gun still fires suceessfully. One theory
advanced for this seeming paradox is that the short
ballistic cycle places gun tube firing activity in the
field of high rate of loading of short duration where
the dynamic responses of materials vary con-
siderably from the static responses. Explicit infor-
mation in this field involving gun tube design is
lacking, thereby placing the burden o previous
experience which indicates that, when thermal
stresses are included, an equivalent stress of ap-
proximately half the yield strength, e.g., 75,000 psi,
can be tolerated in steels which have been heat
treated to a yield strength of 150,000 psi. The ex-
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pression for the allowable equivalent stress under
these conditions becomes

0.0 = 75,000 Ib/in’ 54)

110. To illustrate the use of the graphs, find the
wall ratio having an equivalent stress of 70,000
Ib/in’ for an internal pressure of 40,000 Ib/in”* and
a temperature differential of 600°). In Figure 38,
read up on the 600° line until it intersects the hori-
zontal 70,000 1b/in° line. The wall ratio at this
point, is either 1.8 or 4. From liquations 26b and
27h, investigate the thinner wall first

r2
v + = 40,000 ﬁ =

—_— 2.2
B R 794 75,7001b/in

o, = —p = —40,000 Ib/in”
oy =0

From Equations 48b, 49b, and 50b,
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Tur =

__ EaAT ( s )
3 _pmw\! Tl

30 X 10° X 6.5 X 10°° X 600

2 % 0.7 X 0.59

6.48 )
-(1 — 057059,
= — 100,700 b/ i’
g, =0
EaAT ( _ QIIL) ,
51— pymw i\ T o)

= —100,700 Ib/in’®

From Fquations 31, 52 and 53 and since there are
no shrinkage stresses

—25,000 1b/in®
g, = a,, + o, — 40,000 1b/in’
0. = 6., + 0., = —100,700 1b/in’

Ty = Oip + o4

fl

From Equation 23,

EQUIVALENT STRESS [pail

2
20, =

g,

(Ul - Ur)2 + (O-r - Ur:)z + (O-u - U()Q
= [1(2.25 + 36.85 + 57.3)10%"*
= V482 X 10* = 69,500 th/in®
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Therefore, the indicated wall ratio of 1.8 is satis-
factory.

111, When the given design data cannot be locatec
conveniently on the graphs, the unknown data musi
be interpolated. For example, given:
p = 45,000 psi
AT = 450°TF
g = 65,000 psi
[rom Iigure 39 (p = 50,000 psi), W = 2.33
From Figure 38 (p = 40,000 psi), " = 1.8]
average 1V = 2,07

The computed equivalent stress for W = 2.07
o, = 62,800 th/in*

indicatiiig that a wall ratio slightly smaller than
2.07 may be aceeptable.
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b. Artillery

112. Artillery tubes are designed on pressure
stresses alone. Thermal stresses not being con-
sidered, the equivalent stress is based on the yield
strength modified by a small factor of safety. The
wall thicknesses along the tube length are governed
by a computed design pressure-travel curve. The
maximum pressure determines the titbe wall thick-
ness from the breech to the point of maximum
pressure on the pressure-travel curve. The wall
thicknesses of the remaining length of the tube are
determined from the maximum value o the com-
puted design pressures, p, correspoiiding to the
various positions. The design pressure-travel curve
is a composite of two pressure-travel curves of dif-
ferent shapes. It represents the values of ecither
curve, whichever is maximum at the particular
location. Any pressure on the curve is a true pres-
surec which doecs not incorporate a factor of safety.
The maximum pressure coincides with the PIMP
at the breech. Computation details of the curve are
not considered relevant here. At this stage, a ma-
terial advantage is achieved if the tube designer
knows interior ballistics so that he may compute
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the design pressures, become familiar with the
complete problem, and thus be in a position to
direct logical revisions if necessary.

The strength of the tube is based on the elastic
limit of the material which is defined as 10,000
Ib/in less than the yield strength in tension. It is
impractical to machine a tube to conform accurately
to a given pressure distribution, hence, portions of it,
whether straight or tapered, will be stronger than
necessary. The pressure necessary to stress any
longitudinal increment of the tube to the elastic
limit is called the elastic strength pressure. The ratio
of clastic strength pressure to actual design pressure
is the factor of safety for that increment. If p is
the desigii pressure and ES/’ is the clastic strength
pressure, then ESP must be greater than p at
every section. To ensure safe firing, the ratio o
ESP/p has been assigned : minimum value of 1.05.*

¢. Recoilless Guns

i. Gun Tube

113. Recoilless gun tube dimensions are based on
static loading and determ ned by the same general
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|?U_00ﬂ\<-q x:__“_‘-__B&-__________é."if
\\ \\ I R ¢ /

160,000 ] - //[ ’7;;
M.occ\___l‘xl\'__"'\{_ e e T £ b ~é‘
140,000 \\ %‘ j/’ /A:%

3 isnioog %% _\% | 7 / ;//;/7

e N ~J / /4

§ |20_00CN__\‘_ N t o M: [ 3 /ﬁ““h ?

S e ey e 7/ s G

; r.o,ooog\x: St 22 b ﬁfi‘: el e o 4

; ,mmi\\\\ ‘a" \ .| /// e~

é T ‘ .“c\\ b 14 ) 3
50_000:— 4"\\\‘\ [ '. ’ . ;/ ¢ :
?olouol T I ‘ { .__"/J_ _] il

000- | | : /

€0,000 + —

LEGEND’
— — - —EQUIVALENT PRESSURE STRESS

sec00 =] — —EQUNRLENT THERMAL STRESS
TOTAL EQUWMLENT STRESS
40,000 — — ] I L Eo -] |
© 100 200 300 400 500 €00 700 800 300 1000

TEMPERATURE OIFFERENCE ACROSS WALL (°F)

FIGURE 30. Equivalent Stress as a Function of Wall Thickness
Ratio and Temperalure Distance for an Inlernal Pressure of
60,000 pst.

* This practice has been established by Watervliet Arsenal.
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procedures involved in the design of other tube
types." In regions free from discontinuities, the gun
tube is considered to be subjcctcd to two principal
stresses induced by the propellant gas pressiirc, the
direct radial compressive stress of Equation 26 and
the tangential or hoop tension stress of Equation
27h. For practical purposes, the longitudinal stress
is assumed to be zero since the frictional forces of
the projectile on the tube are small enough to be
negligible.

The maximum distortion-energy theory of failure
has proved to be a realistic design criterion pri-
marily because of the ductile materials used for
gun tubes. This theory defines the equivalent
stresses, o,, in materials subjected to combined

* Reference 20,

3o l T

loadings. Equation 23 defines the equivalent stress
in terms of triaxial principal stresses, whereas Equa-
tion 24 defines it in terms of biaxial principal
stresses. Failure is indicated by plastic flow which
begins when the equivalent stress equals the yield
strength of the material. By applying this theory of
failure to the gun tube and substituting the expres-
sions of Equations 26 and 27b for the tangential
and radial stresses, and the yield strength, Y, for o,
Equation 24 becomes

n_ (W +_1> z(WZ + 1_>2 -
V' = p + P <le -1 + 4 11;2 -1 (OOa:)
Solving for p/ Y
/,"2 -
P W -1 (55b)
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TABLE 10. WALL RATIO-PRESSURE RATIO CHART FOR MONOBLOC GUN TUBES.

_P
Y w

0.010 1.0101
0.011 1.0111
0.012 1.0122
0.013 1.0132
0.014 1.0142
0.015 1.0153
0.016 1.0163
0.017 1.0173
0.018 1.0183
0.019 1.0194
0.020 1.0204
0.021 1.0215
0.022 1.0225
0.023 1.0236
0.024 1.0246
0.025 1.0257
0.026 1.0267
0.027 1.0278
0.028 1.0288
0.029 1.6299
0.030 1.0300
0.031 1.0320
0.032 1.0331
0.033 1.0342
0.034 10352
0.035 1.0363
0.036 1.0374
0.037 1.0385
0.038 1.0395
0.039 1.0406
0.040 1.0417
0.041 1.0428
0.042 1.0439
0.043 1.0450
0.044 1.0461
0.045 1.0472
0.016 1.0182
0.017 1.0493
0.048 1.0504
0.044 1.0515
0.050 1.0526
0.051 1.0537
0.052 1.0549
0.053 1.0560
0.054 1.0571
0,055 1.0583
0.056 1.0504
0.057 10605
0.058 1.0616
0.059 1.0628
0.060 1.0639
0.061 1.0651
0.062 1.0662
0.063 1.0674
0.064 1.0685
0.065 1.0697
0.066 1.0709
0.067 1.0720
0.068 1.0732
0.069 10743

0.0’70
0.071
0.072
0.073
0.074
1075
(.076
0.077
0.078
0.079

0.080
0.081
0.082
0.083
0,084
0.085
0.086
0.087
0.088
0.089

0.0490
0.091
0.062
(.093
0.004
0.095
0.096
0,097
(.098
0.099

0.100
0.101
0.102
0.103
0.101
0.105
0.106
0.107
0.108
0.10Nn

0.110)
0.111
0.112
0.113
0114
0.115
0.116
0.117
0.118
0.119

0.120
0121
0.122
0.123
0.124
0.125
0.126
0.127
0.128
0.129

W

1.0755
1.0767
1.0779
1.0790
1.0802
1.0814
1.0826
1.0838
1.0819
1.0861

1.O873
1.0885
1.0897
108910
1.0922
1.0931
1.0046
1.0958
1.097 1
1.0083

1.0005
1.1007
1.1020
1.1032
1.1045
1.1056
1.1069
1.1082
1.1091
1.1107

1.1378
[.1392
1.1405
1.1419
1.1432
1.1446
1.1459
1.1473
1.1486
1.1500

(1L.110
0.141
0.142
0.143
0.1414
0.145
0.146
0.147
0.148
0.149

0.162
0.163
0.164
0.165
0.166
0.167

________
~J =1 B I B N BN
=y B T iy

P
w r w

1.1513 0.190 1.2417
1.1327 0.191 1.2434
1.1541 0.192 1.2451
1.1555 0.193 1.2468
1.1569 0.1 1.2485
1.1583 0.195 1.2502
1.1596 0.196 1.2518
1.1610 0.197 1.2535
1.162¢4 0.198 1.2552
1.1638 0.199 1.2569
1.1652 0.200 1.2586
1.1666 0.210 1.2761
1.1680 0.220 1.2942
1.1695 0.230 1.3131
1.1710 0.240 1.3328
11724 0.250 1.3533
1.1738 0.260 1.3717
1.1753 0.270 1.3971
1.1767 0.280 1.4205
1.1°782 0.290 1.1150
1.1796 0.300 1.4709
1.1811 0.310 1.4980
1.1825 0.320 1.5267
1.1840 0.330 1.5571
1.1855 0.340 1.5892
1.1870 0.350 1.6234
1.1884 0.360 1.6599
1.1890 0.370 1.6089
1.1914 0.380 1.7408
1.1928 0.390 1.7859
1.1943 0.400 1.8347
1.1958 0.410 1.8878
1.1974 0.420 1.9157
1.1989 0.430 2.0094
1.2004 0.440 2.0800
1.2020 0.450 2.1585
1.2035 0.460 2.2469
1.2050 0.470 2.3472
1.2065 0.480 2.4628
1.2081 0.490 2.5976
1.2096 0.500 2.7578
12112 0.510 2.9524
1.2127 0.520 3.1060
1.2143 0.530 35134
1.2159 0.540 3.9512
1.2174 0.550 1616
1.2190 0.560 57824
1.2206 0.570 88720
1.2222 0.580 ®
1.2237

1.2253

1.2269

12286

1.2302

12319

1.2335

1.2351

1.2368

1.2384

1.2400
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or, solving for 1"
a2 ()
I+ 2= ‘\1 - ( ;> |
W= = "V ﬂl } . (55¢)
ST
where
11" = wall ratio
p = internal design pressure, p=i

Values of W for various ratios of p Y are listed in
Table 160.

I'or a =pecified bore diameter or caliber, the wall
ratio determines the required outside diameter,
thereby establishing a minimum wall thickness. This
minimum thickness must be maintained despite
any variation that may result from manufacturing
tolerances and eccentricitics. Thus, the wall thickness
obtained by subtracting the maximum inside radius
to the bottom of the rifling grooves fromn the mini-
mum outside radins must he further modified by
considering the permissible cecentricity hetween the
bore and outer tube surface. This eccentricity is
defmmed by the manufacturing requirement which
states that “The wall thickness at any point <hall
not be less than 90 pereent. of the wall thickness at
a4 point diametrically opposite.” The wall ratio
obtained from Table 10 must be adjusted to an
apparent wall ratio

I, = 15l — 4% (55d)
01°
B, = 1.0555 = 0.055H (55e)

The minimum outside diamcter is then calenlated
from the apparent wall ratio.

114, CIFP scrves as the basis for preliminary do-
sign. NMaximum pressures, after becoming available
from firing tests, establish the NOP. Unless, by
sonic coincidence, the two are equal, the more
realistic .VOP supersedes the CA P to become the
criterion for filial prototypc tube design.

To caleulate PIM P, determine the staiidard devi-
ation of NO/” from the statistical relationship

e

P i\/ﬁ/"— - (56a)

where

N = number o rounds
P = recorded pressure of each of .V rounds
P = NOP

The value of £36.,, establishes a 99.8 percent
confidence level for the pressure variation, but sinee
the upper level promotes greater safety in the de-
<ign, only the plus variation is used and the PFAFP
becomes

A
PIMNP = 1.05 NOP + -AZI’, (T, — 70°) + 30vor
(H6b)
where
1.0.5 = factor allowing for 5 percent tolerance

on lot to lot propellant variations

Ap AT = pressure change per unit of propellant
temperature change, psi/°l', deter-
mined from empirical data from test
giui firings. In the absence of such
data, 20 psi“°I" is a recommended ap-
proximatioii,

= upper limit of atmospheric tempera-

tiirc for recoilless gun operation, °I°
(usually 125°1%),

Tor filial tube design, by definition:

ESP,,, = 8 X PIMP (36¢)

where
N; = factor of safcty.

A factor of safety found to be satisfactory in re-
coilless gun desigii is 1.15.

115. To find the wall ratio, either from Table 10
or to compule it from Equation 50b, the degraded
vield strciigth is obtained from curves similar to
those in Figure 57 and the expression LSP,.,,/Y,
is substituted for p, ¥. The apparent wall ratio is
computed from Equation 55¢. The minimim outside
diameter becomces

D, = DW, (36d)

where

D, = inside diameter of tube (generally con-
sidered to be the rifling groove diamctcr
plus the tolerance).

IV, = apparent wall ratio from Itquation 56¢e.

If desired, the ESP of the gun (which is not used
in design), 1.e., the clastic strength pressure when the
gun temperature is 70°F, may be obtained by de-
termiiiing the wall ratio using the expressioii ESP /Y
in place of ESP,../Y,. The ESP is generally higher
than ESP, ...

The wall thickness obtained in the above pro-
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cedure does not make allowance for stress concen-
tration at discontinuities such as in the region where
barrel joins chamber, hence, it should he used only
in regions unaffected by stress raisers.

Additional relationships include:

1.05 NOP

RMP (56e)

PMMP

RMP + 35T\ = 70°F) (36D

Before experimental data become available for
the final recoilless tube design, a preliminary design
of the tube is made. The dimensions are determined
by the same procedure as for the final design but
based on theoretically computed or estimated design
data rather than the more accurate, measured data
used in the final design. Theoretical design data in-
cludes the CM P which replaces the NOI” in Iiqua-
tion 56. The procedure follows that for filial design,
and may be outlined as follows:

1. Obtain CM P from ballistician.
2. Calculate PIMP from Iquation 56b which
becomes

pIMP = 1.05CMP + j—”f @, — 70°F) F 30011,

(56g)

The ratio Ap/AT is the same as in Equation 56b
but at this early stage exor is not available from
test firings and must therefore be estimated and
assigned the value of o¢uye. Past experience indi-
cates that a ocxpr equal to 3 percent of CMP is
suitable for preliminary design.

3. Calculate ESP,., using Equation 56¢:
ESP,,, = 1.15PIMP

4. Dectermine from temperature degradation data,
or estimate the degraded yield strength of the
material, ¥,.

. Compute ESP,../Y. =~ p/Y d Table 10.

6. Obtain W from Table 10 corresponding to

value from 5.

7. Convert to apparent wall ratio by Equa-

tion 55¢.

8. Calculate minimum outside diameter from

Equation 56d.

W

116. The test weapon from which firing data are
established has a much thicker wall than either the
preliminary or the final tube in order to provide a
tube of unquestionable safety. The wall thickness
is derived by arbitrarily increasing the design pres-
sure, usually to > > 2 CMP. The resulting p/Y
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value determines the wall ratio found in Table 10
and, subsequently, the outside diameter. No allow-
ance is made for eccentricity as the overstrength
of the wall more than compensates for manufactur-
ing cceentricities. Furthermore, the outside surface
is usually made cylindrical, since optimum weight
is not a design criterion for test guns.

After sufficient experimental data become avail-
able, the design o the filial prototype tube can be
established following the same procedure as out-
lined for the preliminary tube. However, results
obtained from Equations 56a through 56d will be
more accurate since estimated design data will be
largely eliminated and actual values used instead.

Matching the pressure-travel curve with a cor-
responding stress ciirve produces a tube whose pro-
file is also curved. A tube conforming precisely to
this curve represents optimum desigii. However, this
is impractical because of high machining costs and
because of the necessity for thicker sections in the
muzzle region to prevent mechanical damage. Pre-
sent practice approximates the ideal by joining, with
a straight taper, the required outer siirface at the
point of maximum pressure to the minimum surface
at the muzzle. Propellant gas pressure at the muzzle
of recoilless guns generally varies from approxi-
mately § to 3 of maximum chamber pressure.
Therefore, for preliminary design, 3 CM P replaces
NOP in Equation 56b for determining the equivalent
PIMP and eventually the minimum outside diam-
cter at the muzzle. In some cases, simulated firings
of the theoretical gun are performed on an analog
computer to obtain a theoretical pressure-travel
curve for preliminary design. Computer information
so obtained has proved accurate to within 5 to 8
percent when compared with experimental data.
Wall thickness at the muzzle is calculated on the
basis of the pressure curve established by the NOP.
Although the wall is strong enough to contain the
pressure, it usually is not thick enough to provide
the rigidity needed during machining and handling.
Based on field handling experience, the wall thickness
is increased to 0.15 inch for a distance of about 1.5
inches from the muzzle. A straight taper is provided
from here to the location of the maximum wall
thickness at the chamber end.

The axial stress, ., in the chamber wall is ap-
preciable. An analysis of the chamber wall shows
that the wall can be made slightly thinner if the
three principal stresses rather than the radial and
tangential principal stresses are considered.* This

* Reference 21.



argument is substantiated in paragraph 107. How-
ever, the gain is slight and the possibility of dis-
continuities introducing stress concentrations pre-
vails, and indicates that the slightly more conserva-
tive approach applied to the barrel wall also should
be applied to the chamber wall.

117. Design data drawings arc prepared for each
prototype recoilless gun designed, a typical example
of which is shown in 1I'igure 42 for a hypothetical
gun. Three pressure-travel curves are shown, the
first for firing at 70°F air temperature, the second
for firing at 125°F air temperature, and the third
for thc permissible individual maximum pressure
(PIMP) Two capability curves are also shown.
One indicates the pressure which will produce equiv-
alent stresses of 1'70,000psi at 70°L" (ESP),and the
other indicates the pressure which will produce
equivalent stresses of 140,000 psi at 300°F (ESPy,,).
These two curves illustrate the strength capabilities
of the tithe at ambient arid elevated temperatures.

ii. Gimbal Ring— Recoilless Tube

118. Recoilless tuhcs with shrunk on attachments
such as gimbal rings are subjected to discontinuity
stresses induced by the lamina. Figure 43 shows the
laminated structure arid the diagram o induced
loads and deflections.

The analysis for the discontinuity stresses is based
on a procedure developed for recoilless tubes when
these tubes are considered as having thin walls.*
The shrink fit pressure is one of the parameters
and is assumed to be uniform over the entire cylin-
drical contact surface between ring and tube. It is
determined by equating the radial interference to the
sum o the radial deflections of ring and tube pro-
duced by the shrink fit pressure and then solving
for that pressure, using the formula

Ar

P, =73 il

s _|_.
Fi, " E.i

Two other parameters include the general expressions

(57a)

Et’ o
D = 120 — ) flexural rigidity (57b)
PR =
N = \/ — (57c)

The laminated structure is influenced by the indivi-
dual properties of Region 2 and the ring. Their
respective moduli of elasticity are modified to be

* Reference 22.

Qs L-unoerFormED Qq DIRECTION
2 SHELL CONVENTION

FIGURE 43. Gimbal Ring Loading.

Definitions of Symbols

E, E, = moduli of clasticity of tube and ring

E, = cquivalent modulus o elasticity o
combined section

AM,, ill, = moment per unit circumference at
Statiolis 4, 5

4 = internal pressure

Ps = shrink fit pressure

Q., s = shear per unit circumference at Sta-
tions 4, 5

T, 72, s = mean radii Region 1, 2, 3 d tube

T, = mean radius of ring

Ar = radial interference between rim and
Region 2

ty, t2, £z = wall thickness of Region 1, 2, 3

I
o

wall thickness of ring and Region 2
d tube combined

¢, = wall thickness of ring

84, 05 = radial deflections at Stations 4, 5

6,, 5 = angular deflections at Stations 4, 5

v, v, = Poisson's ratio for tube and ring
E=E/0 = (57d)
E.=E/0 =) (57e)

Other properties arc determined by treating the

two members as an equivalent one-piece structure.
Its mean radius

r r, -

—Ltn 576)

and the product
Et =Et T, (572)
arc approximate but the error is small enough to be
negligible. The flexural rigidity for the equivalent
region is
_ PG+ It + EE(A6t, + 666 + 46
12<Et2 + Ertr)

3
D. b) (57
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The X equivalent of the combined region is denoted
by 8 and is defined by

;1 1/4
= (41),)

_ @ty - wBL Y By
= (B, T EL)

(571)
where
C h71)

Each region of the tiihe is isolated to determine the
angular and radial deflection at the discontinuitics.
For Region 1 at Station 4

2
_pro, ML — O, e
B=m, T o, (57k)
_ 2N, - Q -
04 = 2)\;)1)1 (-)lln)

Note that the shrink fit pressure is not applied to
this region. For thc Equivalent Section e, i.c.,
Region 2 and the ring combined, at Station 4 the
shear and moment as represented in Figure 43 will
increase the inside radius of the laminated structiirc
but the shrink fit pressure will tend to decrease it
by compressing the inside tithe.

5, = pr' _pai 8 T Q
k.t Kl 238°D,

280, + Q.
4 — 2620,

(57n)

(57p)

The two components of the equivalent seetion fune-
tion as a unit under shear and hending particularly
since an initial interference exists between them.
At Station 5.

5, = P’i _ l’d'ﬁ n 8 ; + Qs

T Ed T L 268°D, (57q)
o, o, )
A= 2/32]){ (-) 1
For Region 3 at Statioii
2
_ N0,
%=L T oD, (575)
M, — .
0 = — D, (57t)

119. The shear and moment values are obtained
by equating the two expressions for deflections at
each side df the discontinuity and solving for Q
and M from the two pairs of simultancous equations.
Since general solutions are awkward, the substitution
o numerical values will result in equations which
are much easier to handle. After the values for shear,
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moment, aiid the two deflections are found, the three
components of stress may be computed. The first
is the axial stress produced by the moment

6!
62

6, = (584a)
The second is the tangential stress which is made
up of two parts. One part is produced by the mo-
ment and is given by

Com = VO,

(>8h)
aiid the other is produced by the radial deflection
and is given by

(58¢)

s =

The third is the radial stress due to internal pressure

(58d)

6, = —p

The above stresses arc positive when tensile and
negative when compressive. Since thc maximum
cquivalent stress may occur at the inner or the
outer surface, it is necessary to substitute the set
of values of stress at each of these points into Kqua-
tion 23 to determine which is critical.

Similar stresses on the gimbal ring aiid the portion
of the tube which it covers are determined by first
finding the following parameters:

(L_— 4 f)_EE_rﬂf_(ti_ti:z

B="""Gu +E1) (38e)
1 /£ — E t2) s
= - :______Tr_r N i‘
H 2 <L'[2 + E‘rtr ()8 )
;- 3(Ef — E‘,_t.f)(vE'ti_ — v, E )
' 120(Et, + E.t,)
71 3 I i3 TV Al
_ _4_(_1112 + Bkt + v, E.1) (382)

120(Et, + E.t,)

The three components of stress in Region 2 and
the gimbal ring may now be computed. The axial
stress produced hy the moment is

s D BAi
o, = %[—J[(H t a4yt 5<u T) + +2-]
(58h)

where At is the distance from the interface of the
ring and tube to the point in question and is assumed
positive when measured outward from the interface.

The tangential stress produced by the moment is
(581)

Ty = VU,

and the tangential stress produced by the radial



dcflectioii for Region 2 only is

ke o
Ty — — (')SJ)

or for gimbal ring only this stress is
- ¢,(8 + 6..) (58K)

i

.
where 8., 1s the defleetion of the gimbal ring due to
the shrink fit pressure and iz computed from the
cquation

_ Db
0,0 = It (58m)

The radial stress due to internal pressiirc at mner
surface of tube is
(78n)

a, = —p

and at outer surface of tube or inner surface of
gimbal ring this stress is

T, = P2 = — (pr + p*) (5813)
At the oiiter surface of gimbal ring the radial stress is
o, =0 (H8¢)

where p,, the component of the internal pressure
ott the inner surface of the gimbal ring 1 computed
from the equation

2
I tr,

p- =7 Fot)2 + Byt (781)

Again, sinee the maximum cquivalent stress may
oceur at the inner or the outer swface, it i necessary
to substitute the set of values of stress at cach of
these points into Equation 23 to determine which
ix the larger.
tie. Cunical Section

120, The analysis of the discontinuity stresses
created at the end points of a conieal section of a

chamber follows the procedure discussed helow with
reference to Figure -4

D., D, = flexural rigidity of iiidicated =cctions
defined by Equation 57h

I = modulus of elasticity

Ay, M, = unit bending moments at Stations 1
and 2

P = internal pressure

(,, , = unit shear at Stations 1 aiid 2

F = mean radius of conical section

F, = mean radius of eylindrical scctioii

7 = mean radius of tube

Ly e Lo
8,
) cht

Q
FIGURE 44, Conical Section Loading.

i, t., {, = wall thickness of conical section, c¢ylin-
der and tube

o] = angle of conical slope

Ao Ay = values defined by Equation 57¢ for

indicated seetions

The mean radiusg of the conical =ection 1s assumed
to be

F=1 Fr) (39a)
The moment, shear, deflection, and ultimately
the stresses at each section are found by showing the
compatible relationship of angular and lincar de-
flection of the adjacent sections at the (wo joints,
The relative defleetion due to internal pressure be-
tween conieal and eylindrical section at Station |

N .. P 7 _ f_'> 5
S I:'< l t, (56h)
and at Station 2
N f_) -
= 1«1<t L. (549e)

T'or simplicity, three expressions which appear in the
compatibility equations ave represented by a par-
ticular synibol

127
V= T G ,-f
¢ E(LE + It tan 8) ()
r.r p
C=uT (39¢)
Yoo f,’i =g
¢, = EiL H9t)

The terms ) aiid A are those of Kquations 37h
aiid 57¢. The vompatihility equatioiis based on
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FIGURE 45. Toroidal Section Louding.

Definition of Symbols

A, = projected area of nozzle

D., D, = flexural rigidity of sections indicated
defined by Equation 57hH

) = modulus of elasticity

M., A, = unit moments at Stations c and n

P., P., Po = design prcssurcs at Stations c, n, o

D, = dexign pressure at nozzle throat

Q. Q, = iiiiit shear at Station c aiid n

r., 7., ¥, = mean radii at Statiolis ¢, n, o

T == radius of nozzle throat

t, t., t, = wall thickness at Statiolis ¢, n, o

o = angle of nozzle slope

ey Ao dcfincd by Toquatioii 57¢ for indicated
sections

v = Poisson's ratio

angular deflections at Sections 2 and I, respectively,
are

CrL CrL
(2 — N 1)>Q2 -5 &

( + 3D )Mg +CM, =0  (59)
G, _ (C_I i )
2 T 2\D,
v 1 ,
—cm, T (c + o DL)M, =0  (59h)
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The compatibility cquations based on radial de-
flection at Statioiis 2 and 1, respectively, arc

4 o

0’/ ] (YL =07
- ( —azxﬁ))” oy A=A G
v[/ 4 1
(c ¢ >Qz ((.',+m +5 )Q.
(*L CIL 1 =0
+ G (‘.;—M)H )

By substitutiiig the expressions available in Fqua-
tions 59b aiid 5%¢ for A, and A, aiid then inserting
the known values, Iquations 70g to 59) may be
solved simultancously for Af,, 3,, @, and @, which
complete the data needed for the radial dcflectioiis
at Statiolis 1 and 2. The deflections arc found from

2
=2 -‘/1.[_‘__ Qs -l
b= Kt, + oNID, T oA D, (59k)
=2
pre 11[_2__ (22. -
62 IIJ + ‘)A 1) 2/\:1)(‘ (v).)lll)

The computed data aiid the given pressure arc
sutlicient to determine the primary stress of Equa-
tions 58 to 58d and eventually the equivalent
stress of lquation 23.

i, Toroidal Section

121. The aiialysis at the toroidal scctioii of the
chamber involves pressiirc strcsses and discontinuity
stresscs induced by shear and bending where cylinder
aiid iiozzlc join the toroid. Iigure 45 shows dia-
gramatically the various components contributiiig
to the analysis which is based on procedures de-
veloped for recoilless rifles.*

Shear and moment arc determined by cquating
the expressions for linear and angular deflections
at c and n, the points of discontinuity, Figure 45.

The deflections of nozzle aiid cylinder are found
similarly to those in the gimbal ring analysis (para-
graph 118).The radial deflection at n

WML 4+ QL1
2\ D,

0
8 t.F cos a (60a)

The angular deflection has a pressure component
which is estimated by assuming a straight line varia-
tion of radial deflection over a short distance. There-

* Reference 23.

t Derived from Formula for s; of Case 3 on page 269 of
Reference 24.

1 Combined from Cases 10and 11 on page 271 of Refer-
ence 24.



fore, the total angular deflection when assuming
that the nozzle is conical

pFe D
t t
6, = . - +

" E cos alz, — )

2., + Q.
222D,

(60b)

where x, and x, arc the distances from the end of
the nozzle to Stations n and O. At Station C, the
radial defleetion

5 = P ANM, — Q.

Et. OINTD, (60c)

The angular deflection

(:)’\L'J[L‘_T Q
BRI (60c)

122, The analysis of the toroid itself is based on tht
assumption that its cross section is rigid and sub-
jected only to a uniform angular displacement and
to radial deflections. The angular displacement
analysis follows the procedure developed for a ring
whose width is large in comparison with its mean
radius. The hiding strcss for the section shown in
Iigure 46

_ Ioy*
-

(60e)

a

where

ﬁ
I

radius to any fiber of the ring
iy = distance from the neutral axis to the fiber
6 = angle of rotation

The normal differential force on any differential

area of a section subjected to bending is

AF = oAA = oaray = 92 ArAy  (60f)
14

The summatioii of forces must be zero since their
directions on each side of the neutral axis arc opposite
F = SAF = E§3 3)’ ArAy = 0 (60g)

Correspondingly, the internal unit moment of the
section

t4

/7‘1 =

A nl 2
!/T_AI = —fq Z % Ar Ay (60h)

where
7 = the mean radius of the section.
In Tigure 46, y is measured from the neutral axis

* Page 179 of Reference 25.
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FIGURE 46. Toreidal Internal Moment Center.

in either direction and y, is measured from oiic of
the outer fibers so that

Y=Y — Ya (601)

where
. = distance from neutral axis to outer fiber

Substituting y. — y. for y m Equation 60g aiid
solving for y., a constant

3 Y. Ar Ay
» .
Y. = (60j)
Z Ar Ay
”
The mean radius of the toroid
L Zr Ar Ay
T O2Ar Ay (60k)

Both y. and 7 are found by dividing the irregular
area into merements aiid then performing the
numerical integration. The intersection of y, with
the line indicative of the mean circumference is the
axis about which all moments of the toroidal section
are taken, including those contributed by the pres-
sure as well as those induced by the discontinuity.

123. Before proceeding, the axial pressure forces
are found by resorting to numerical integration.
Divide the inner surface of the loroid into small
circular increments (Figure 47). The total axial
force is the summation of the unit axial pressure
force on each increment

F, = Z AF, = 2z32r, Arp, (60m)
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FIGURE 47. Toroidal External Loads.

where

AF, = pressure force on each increment
p; = pressure at the increment

The location of the axial pressure center is found
by taking moments of the load increments about
the radial axis

r, = SroAF

3 AR, (60m)

By balancing the axial pressure forces in Figure
47, the axial force at the cylinder joint
F, =F, —F, (60p)
where
F, = axial pressure force on iiozzle juncture.

Clockwise moments being positive, the unit moment
on the toroid produced by the axial pressure forces
taken about the center of pressure

M, = [F.G. —F) = I.G, — 7))/20F  (60q)

The unit moment due to pressure exerted radially
is computed directly by the summatioii of incre-
mental moments about the neutral axis

AI, = 2r Aynpiyp

7 (60r)
where
y, = distance of center df increment to neutral
axis
Ay, = width of increment

The total moment due to internal pressure

58

M, =Mt (60s)

The total externally applied unit moment tending
to rotate the toroidal section

My=M,+ M, — M, + 3.Q. + 1.Q.  (60t)

Since the external moment must equal the internal
moment, the expression for 37, of Equation 60h

g 2 ],L Ar Ay =M, + M, — M, + y.Q. + 1.t
(60u)

Iixpressions for the deflections of the toroid com-
plctes the information necessary to compute shear
and moment values at the points of discontinuty.
The radial deflection at each juncture has two com-
ponents, one being generated by the angle of rota-
tion, 8. The other is caused by the resultant radial
shear acting at the mean circumference. Being anal-
ogous to pressure in a cylinder, the effective shear
ou the toroid becomes the resultant of the projected
radial loads. The total radial defleetion combining
the effects of rotation and shear at the cylinder

_ A7, — 7.Q.) .
A e (60v)
where
A = ZAr Ay, the cross-sectional area
At tht nozzle, the radial deflection
o = Yub + r_(r—,,Qn = 7Q.) {60w)

A

Maintaining the assumption that the cross section
of the toroid is rigid, the angle of rotation must cor-
respond with the angular deflections at ¢ and n,
therefore

g =0, =38 (60x)

Direet substitution for 6, and 8, in Kquations 60b
and 60d puts these equations in terms of unit mo-
ment aud shear. Radial deflection, 5 is climinated
by equating its expressions in Equations 60a and
60w, and 8. by equaling its expressions in 60c¢ and
60v. This manipulation provides four equations with
four unknowns, 47, M,, Q., Q., for which values
may be obtained by simultancous solutions. After

deflections become available, primary stresses may
be computed from Equations 58a to 58d and then

the equivalent stress of Equation 23,
». Nozzle Stresses

124. A procedure with appropriate formulas has
been developed to determine the equivalent pressure



stress for the wall of a iiozzle at any pesition.* The
equivalent strcss considers tangential (hoop) and
meridianal (axial) stresscs aud is based on the
Hencky-von Mises stram-energy theory of failure.
Pressure arid pressure foading arc obtained from
gas dynamics of one-dimensional iseutropic flon-. A
iiozzle showing pertinent general dimensions appears
m Iigure 48,

Corresponding values of the ratios .l .t £/ F, p p,
are available for various values of 4.7 At aiiy nozzle
~t at ioii.

(61a)

Now, from the gas tablest for the appropriate v,
and corresponding A4 A, find the ratio F'F,. Then
= == i1t

b=l TS (61h)

Similarly

2 YAy 1) F’, )
v = (1 + ’Y)(l - 7) " (6le)

I'rom the same table, obtain pp,. The axial and
tangential stress factors are

‘//f—.k

1, = ——— (G1d)
2 —sin ¢
iy
| 1 (3 + ) (61e)
M Sin o \p. N e !

By the adaptation of the Hencky-von Misex Theory,
the equivalent stress factor

fo= Vni—

The required wall thickness normal to the nozzle

nane -+ i (61f)

profile

rPe s s \
t, = ‘1—?)‘, i 61g)
where Y is the minimum yield strciigth. The wall
thickness normal to the iiozzlc axis

t =t /smm¢ {61h)

Referring to liquation H6e the OD of the nozzle
meluding the allowable eccentricity

19
D, 2r + ?t

7=

(61i)

Ordinarily, the nozzle wall so obtamed for high

* Reference 26.
1 Reference 27.
1 Reference 26.
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FIGURI 18, Nozele With General Dimensions.

Definition of Symbols

A = nozzle area at any station, v

A, = nozzle throat area

F = thrust at any nozzle station

I, = thrust at {liroat where Mach number is
unity

f. = equivalent stress factor

p = pressure at any nozzle station

p. = stagnation pressure (known)

r = radins at any station

r. = nozzle throat radius (known)

r = radins of curvature ol nozzle wall, meri-
dional (known)

(= design wall thickness (estimated)

. = nominal wall thickness, final (known)

x = distance, station to throat. Negative toward
exit (kuown)

Y = minimum yield streugth

a = nozzle slope (known)

v = ratio of speetfic heats of propellant gases
(known)

7. = axial stress factor

7, = tangential stress factor

. = cquivalent stress

¢ = compliment of nozzle lope (known)

¥ = modified thrust factor

Y. — thrust factor at nozzle exit

strciigth material is mucl too thin for handling
purposes, consequently a hcavicr wall is provided
which will survive handling. The equivalent stresses
are then computed for the thicker wall.
The equivalent stress now becomes
o =1 B (61))
where £. is the effective wall thickiicss based on the
allowable cecentricity.
The effeetive wall thickness assumes that the
nominal wall thickness normal to the nozzle profile
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has incorporated the allowable eccentrieity. The
apparent wall ratio
W, = r+ b

. (61k)
Then according to Reference 14, the actual wall ratio

W= o471, +0.053 (61un
The stresses are bused on the wall whose allowable
eccentricity now shows a minimum cffective wall
thickncss of

L =r(lll =1 (G1m)
11. Stress Compensating Measures
a. Jacketed Construction
125.  Gun tubes arc high pressure vesscls that miist

be made of high strciigth niatcrial to hold wall
thicknesses within reasonable limits. Depending on
high tensile strength alone will iiot always satisfy
weight requirements so the designer must resort
to other techniques to augment the inherent strength
of the tube. The technmiques involve mechanical
procediires. One such is multilayer construetioii com-
prising two or thrcc shrink fitted concentric eylin-
ders. The use of more than three is rare in the gun
tube field. Sometinies the iiature of the tube strue-
ture dictates the method of constructioii. We find
this in the quasi two-picee tube (Iigure 4) where
the cap is threaded to and shrimk over the tube to
serve in the maultiple capacity of chamher, liner
retainer, and the tube jacket.

126. The methods for determimng wall thickness
and shrinkage pressure are presented m Part 11-3,
Shirinkage Stresses. The amount of niterference be-
tween eylinders of a two layered tube is equal to
the total deflection of Equation 32¢. The equations
for determining the interference betwecen cylinders
of a three layered tithe arc derived below. The tali-
gential strain of a cylinder may be cxpressed as
(624)

€ = E (¢, — vo,)
where v is Poisson’s ratio. The change in diameter is

s = ﬂ-fD-ér’ - De,

™

(62b)
Substitutimg for ¢,

5= 20 — o) (62¢)
From Lamé’s solution for thick walled eylinders,*

* Reference 18, page 299,
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the general cxpressioii for taiigeiitial and radial
stresses for internal and external pressures p, and p,
respectively, are

N . DD}
Pl = p.DI+ 5 (pi — p)
L /LR E— (62d)
where
D = aiiy diameter, D, < D < D,
D, = iiisidc diameter
D, = oiitside diameter
. . DD?
p.D, —p D} + 7y . — p.J)
O = T T pE (62¢)
Substituting for ¢, and ¢, in Equation 62¢,
. DiD:
plp D= 2D+ = e — p)
= Di— D
4 . D:D?
p.DL = p. DT+ =5 (p — p.)
+ = ) L (62D
where

D, = 1D of liner

D, = 0D of liner, ID of iiiiicr jacket

D, = 0D of liiicr jacket, 1D of outcr jacket
D, = OD of oiiter jacket

The first operation is shrinking the inlier jacket

over the liner. I'or the liner, p, = 0, p, = p.,
D, = D,. The change in OD of the liner 13
b = — P[0 — ) 4 DX+ )] (630)

B(DY — DY)
For the mmer jacket, p, = po, p. = 0, D, = D,,
D, = D,. The change in its 1D

Dip,
s (DA

801 —») + Di(l + )] (63b)

The sccoiid operation is shrinking the outer jacket
over the liner-inner jackct composite tube. For
the composite tube, p, = 0, p, = po, D, = D,

0 = Gips P DI =) + DI ] (639

T ED:E-D

For this outer jacket, p, = p., p, = 0, D, = D,.
The change in ID is

I)zpﬂ—— ' LDg(l



The required interferences between luer and mmer
jacket and between the inner and outer jackets are,
respectively

8

_5“1 + 611
"‘6“2 + 612

(63e)

5, = (63 1)

b. Autofrettage

127.  Autofrettage or self-hooping is a method for
presiressing thick-walled eylinders which has been
successfully applied to gun tubes. It follows the
teehnique of stressing the mmer portion of the wall
beyond the elastiec region but not exceeding the
yield on the outer surface. When the stress inducing
agent, cither hydrostatie pressure or oversized
mandre! is removed, the outer surface will contract
in an effort to reeover its original size. The contrac-
stantial compressive stresses. Meanwhile, because
tho recovery from the outer strain is iiot complete,
residual (ensile stresses will remain in this region.
Prestressed in this manner, the tube will respond
elastically and will be safe for any pressure which
does not exeeed the autofretiage pressiire or its
equivalent. Tube wall thickness is determined from
the allowable stress and the strength of the material.
The autofretiage pressure

*

. (64a)

:

]

pr =Y In

e,

where

D, outside diameter of tiibc
D, = inside diameter of tube
Y = yield strength of material

In terms of the clastic strength pressure (ESP),the
pressure that the tube can sustain, Watervliet
Arsenal has found experimentally that this pressiire
in a finished tiibe is

ESP = 1.08Y In ¥, (64h)

where W, is the wall ratio of the finished tube.
Since the oiiter surface is stressed to the yield point
by the autofrcttage pressure, the residual stress
here 1s

o = FE — (65Ha)

where, according to Ilquation 25, the iipper limit of
the hoop stress is due to the autofrettage pressure,
Dy, thus, substituting D, for D, and p, for p,

2
Tio = Dy W1 (65b)

* Reference 18, Equation 332.

Hereafter, the resultant stress on the ouler surface
mdueed by the allowable pressure is

t+, -l 5
pu ”vz 1 (6')C)

’
g, = 0,

By substituting the expressions for o/ and then for
a!,, Equation 65¢ becomes

2 =
o =Y — (p; — p.) T (65d)
This shows that the tube will be safe for all working
pressures which do iiot exceed p,.

128, When amtofrettage is performed by applying
a counstant hydrostatic pressure along the full length
of the bore, the outside of the tube must he pre-
vented from straining beyond the yield point. Even
the thickest part of the tube should be restrained
as a safety measure. The restrainimg cylinder is
called a container. Clearanee between containcr and
and tube shoiild he so arranged that the outer sur-
face of the tithe is on the verge of yielding at auto-
frettage pressure. Since the container induees ex-
ternal pressure on the {ube, hoth internal and ex-
ternal pressures must be imcluded in the analysis.
Based on the Maximum-Shear-Stress Theory Y =
27,,T where 7, is the allowable stress of the material

in shear, and is equal to 3(s, — o,). Substituting
for 7,

g, =g, — Y (66&)
and

o= TYmr¥teoi (66h)

where 7 is the general term for radius aiid €' is a
constant of integration, whose value is dctermined

from the boundary conditions. When r = r,, the
outer radius, ¢, = —p,, the external pressure.
Therefore

(=—p.—TInr, (66¢)
and

o, = In )’— — P, (66d)
or, in terms of diameters

g, = Y In DB - P, (66e)
When D = D, the internal diameter, o, = —p,.
Substitutiiig in Equation 66e,

—p, = Y In b, . (661)

D, P

t Reference 28, page 39.
1 Reference 18, Equation 127,
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The tube wall thickness is determined from Equa-
tion 64d. The effective autofrettage pressure

D, .
(p, —p.)=Y1In ) (67)

Substituting for ¢, from Equation 66a into Equa-
tion 66e, the tensile stress at any point in the tube
wall after autofrecttage pressure is fully applied

6, = Y(l + In %) — P, (68a)
When D = D,
r= Y —p, (68b)

and, from Equation 62e¢, the corresponding outer
diametral deflection of the tube is

D,
£
Where D, = the nominal OD of the tiibe and ID
of the container. The inner diametral deflection of
the container, also from Equation 62¢, is

ONTESI
5{‘ - E P 117;! -1 + 14

o = 7 [V — p(1 4 »)] (69a)

(69h)

where W, = wall ratio of the container which may
be any reasonable value provided that its stress re-
mains in the elastic range. The diamectral clearance
between tube and container preeeding aiitofrcttage is

A, =5, — 6, (69¢)

Therefore, the inside diameter of the container is
D. =D Ta,. (70)

129. Wheu autofrettage is performed with an over-
sized mandrel, the object is to induce stresses equiva-
lent to those developed by the hydrostatic pressiirc
method. Tube size is determined from Iquation
64a and the equivalent autofrcttage pressure also
from Eqiiation fila, by substitutiiig the allowable
prcssure, p., for p,, and the allowable stress, o, for Y.
The deflection of the inside diamecter of the tube

D *
43GD,

(71a)

t

where

(¢ = shear modulus
D, = ID of tube arid nominal diameter of mandrel

The deflection of the mandrel
8, = Py %{ 1 —») (71b)

* Reference 28, Equation 8.5%.
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The required interferelice between tube and mandrel

A =6 T, (7lc)
Therefore, the mandrel diameter
D, =D, T a (71d)

12. Strain Compensation

130. Light weight being a major design criterion
for recoilless tubes, thin walls and high stresses with
corresponding large bore dilations become axio-
matic. Such large bore dilations must be compen-
sated for. This was demonstrated by one recoilless
gun whose inaccuracy was traced to the balloting
of the projectile as it traveled through the tube.}
Iixcessive clearance between projectile and bore sur-
face was responsible. This clearance comprised the
nominal clearance, the tolerance, and the tube dila-
tion induced by the propellant gas pressure. Re-
ducing clearance and tolerance did uot help materi-
ally. Accuracy was eventually improved to an
aeceptable level by providing a small interfereiice
between projectile and bore. This development led
to the introduction of strain compensating tubes
whose initial interferences compensate for the dila-
tioii of the tube resulting from gas pressure.

131. Theoretically, the wterference should equal
the diametral deflection induced by the propellant
gas less the desirable clearance. In practice a
nominal mterference between front bourrelet and
bore of 0.002 inch was found satisfactory. At the
rear bourrelet the diametral interference necessary
to achicve normal projectile action in the bore is
computed to be

ap, =22 4p (72)
b 2 ‘ -
where
D = mean diameter of tube

AD, = desired clearance between borve and pro-
jectile during dilation

FE = modiiliis of elasticity

P, propellant gas prcssiire

t wall thickness

The restricted bore is relieved for a short distance
at the start. 1ere rifling diameters are standard in
order to seat the projectile.

Generally only a very highly stressed tube with
corresponding large deflection requires strain com-
peusation. The technique of strain compciisation as
applied to recoilless tubes is fairly new and until

I Referenee 29.



more data become available to establish firm design
procedures, firiiig test nsing prototypes with con-
ventional clearances must be conducted to de-
termine whether or iiot strain compensatioii is
necessary.

I. LINER DESIGN

132, Where liners are designed solely for the pur-
pose of prolonging tube life, streugth ix secondary.
However, these hiners niust be strong cnough {o
develop and transmit the rifling torque and to with-
stand the collapsing pressure of shvink fit. Sueh
liners it made only as thick axs required for machining
and handling are generally adequate to transmit
torque aud, being thin and therefore less rigid, have
the inherent advantage of developing low shrink
fit pressures. For example, the liner for the 7.62 mm
machine gun has a wall thickness of approximately
Linch. However, when the liner of a multilayer tube
extends along the fudl length as shown in Figure 3,
it must be as one of the eonstituent members, subject
to the same design requirements as the other
members,

Liners should preferably extend through the tolal
length of the bore but if their lengths are restricted,
they should at least cover the regions of the foreing
cone and the first part of the rifled bore where erosion
is normally most severe. The practice of assembling
the liner by shrink {it limits its tength if, ax in mnall
bore tubes, the clearance between heated tube and
cool liner 1= also small. During assembly {his clear-
anee may disappear as the liner i inserted. Available
insertion time and henee liner length depends on how
soon the heat from the tube expands the lmer to a
diameter which prevents further travel. Liners in
small arms are limited to about 6 inches. Ou the
other hand artillery tubesx have large diametoers,
clearances due to heat expansion are correspondingly
large, consequently, more time i< available {or
assemDbly to permit the installation of tong liners.

133, Practical shrink fit experience deternines the
compatibility between mterference limits and liiicr
length. For small arms, diametral interference limits
vary from 0.0002 to 0.0012 inch. Shrink fit pressires
aiid strcsscs are computed for the maximum iiicer-
ferenee to insure against liiicr collapse. When three
tubes arc shrumk together, the shrink fit presswre is
computed first for the interference between the
iiisidc and middle layers. Later, this composite tnbe
is treated as one homogeneous tube to find the pres-
sure between middle aiid outer layers of {ube * Tf

* This procedure is practiced at Springfield Armory

the iiiterference for shrink fit has heen established
through practice, as for small arms, the shrink fit
pressure is readily computcd. The pressure between
two tubes of like material is

BB — ) — b)) T

L 1372 5y (73&)
where

a = inner radius of assembly

b = iiitermediate radius of assembly

¢ = oiitcr radius of assembly

8 = total radial deflectioii at interface.

If the mating ftubes have different modulii of
clasticity, the shiink fit pressure hecomes

p, = e—  —— =2 : R
Lax 8, )+ Lot )}
bl:]':./ PR + v, )+ 3‘1‘ B — (1,2 — YL

where

17, = modulus of elasticity of jacket

/), = modulus of clastieity of liner
vy — DPoixson’s ratio of jacket
v, = Poisson’s ratio of liner

Once the =hrink fit pressures become Kkuown,
resullant stresses throughont the composite wall can
be computed by applying the appropriate ethod.
A sample calenlation demonstrating the proecedures
appears in Chapier 8, Part C.

J. QUASI TWOQO-PIECE TUBE

134 The quasi two-piece tube (IMigure 4) repre-
sents a =mall arms lined tube which aprly illustrates
the advantages of the lined type. Not only does the
lHuer prolong tube life, bul the shrink fitted members
increase the strength while the arrangement of the
structural components inhibits extreme tempera-
tures at the chamber. Referring to gure 4, gaps
at A and D) the ends of the lner and cap, respee-
tively, are arranged so that a positive seal maternial-
izes at 2, between liner and tube, and at (7, be-
tween eap and liner. Further benefit is derived
from the gap at D. Since the hottest region of the
(ube is near the forward end of the liner, heat flows
from here in either direetion. As it reaches the gap,
D, the rearward flow to the cap is interrupted,
thereby inducing the temperature drop which may
be observed i Iigure 9. The comparatively cool
chamber wall relieves two sources of trouble. One,

1 Reference 25._ pige 242,
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FIGURE 490. Threaded Joint With Butted FEnd.

its low temperature limits thermal expansion aiid
henee clearances between chamber and cartridge
case are maintained to limits which preetude case
rupture. Two, the small hcat flow to the chamber
deters cook-off tendencies. The gap may be small
since the two members affecting the gap D are of
the same material, therefore, changes in tempera-
ture will not disturb it. The difference in linear coeffi-
cients of expansion between sieel aud liner material
require that the gap at the end of the liiicr be wide
enough to compensate for the excess thermal ex-
pansion of the liner, since liner materials generally
have the larger cocflicient. The gap at ambieut
temperatures should be

Al = (a;, — a,)L. AT (74)
where

I, = liiicr length

AT =change i temperatiircs

a; = coefficient of liiicar expausion of liiicr
a, = cocflicient of liiicar expausion of tube

Present practice has
AT = 1000°F

ap —a, =5 X 107 in‘in °F when lner is
stellitc and tube is steel

K. MECHANICAL FEATURES

135. The structural componenis which help to
moderate, support, and transmit firtng loads to the
mount or other supporting structure niiist have
some convenient, funetional, and strong means o
attachment to the tube. Iistablished methods in-
clude threaded connectioiis for axially loaded eom-
pouents and keys for torsionally loaded ones. Screw
threads shoiild conform to umified thread standards.*
Threads shoiild never be used to align and position
a component in an assembly. Wear duc to continned
take-down and reassembly and local failure at the
entering end will advanee the travel of the threaded
joint at each tightening. Continued alignment aiid
positioning are assured by machining off the in-
complete thread so that the two mating picces will
mutually butt against finished surfaces, aiid by
providing sleeve contact, as shown in Iigure 49

* Reference 30.
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1. Threads

136, Threads carry their load in shear. A coil-
servative method for computing the shear stress
assumes the shear area to be formed at the mean
diameter of the thread. Eliminating the space be-
tween the threads, oiily half the leiigth of the en-
gaged threads can be considered. The shear stress
beeomes

1;1

= %71‘]_),,,—]: (15)

T

where

D,, = mean diamctcr of thread
F force on thread, geiicral expression
L Iciigth of engaged thrcads

137. When quick detachable assemblies become
neeessary, interrupted threads are iiscd. These arc
usually acme, buttress, or square threads (1'igure 50).
The latter two are morc often used in small arms.
Interrupted thrcads are made by removing half the
thread periphery alternately along a various num-
ber of segmeunts on the two mating components
(I'igure 51). After sliding the two pieces together,
oiily a fractional {urn (1he reciprocal of the nnmber
o segments) is needed to realize total cugagement.
In artillery design, all engaged threads are assumed
10 be acting whereas in small arms design, a much
more conservative philosophy is adopted by assum-
iiig that oiily one thread carries the full load. Shear
aiid Dearing stresses determine the feasibility of the
design.

138. In artillcry, breech ring is attached to tube
by interrupied thrcads. The larger caliber weapons
in the small arms category are similarly attached
but complete screw threads (UN) arc used for the
smaller calibers. The maximum load appearing on
these threads is based on the maximum propellant
gas pressiirc aiid the rear chamber area for separate

(a) ACME THREAD

{b) SQUARE THREAD

(4
{c) BUTTRESS THREAD

FIGURLE 50. Thread Profile Types.



loaded ammunition, or the internal area of the base
of the cartridge case for fixed ammunition.

F. = pomy Dl (76)

where

D, = rear chamber diameter or equivalent!
F, thread load
P2,» = maximum propellant gas pressure

139. Threaded joints in the chamber of recoilless
tubes are designed on the basis of a Watertown
Arsenal Laboratory method which assigns the maxi-
mum load on any one thread as one half the total
load.* Stress concentrations at the root of the threads
are emphasized. Four stresses are involved: the di-
rect shear, the direct hearing, the fillet bending,
and the net, section tensile stress. The latter two
are influenced by concentrations factors which are
readily available.i Figure 52 shows the cross section
of a chamber joint with an enlarged view o the
thread showing dimensions and loads where

(! = clearance

d, = depth of thread

D, = mean diameter of thread

P pitch of thread

r = radius of fillet and rounded corner
t wall thickness at joint

w width of thread at root diameter

The total load on the threads is computed from
Equation 76. Since half the load is assumed to be

* Reference 31.
t References 32 and 33.

INTERRUPTED THREADS

-

BREECH
BLOCK

RA PD 54866

\—BREECH RING

FIGURE 51. Interrupted Threads.

carried by one thread and concentrated on the mean
circumference, the unit load

— Ft
F, = Q:rD—,,, (773,)
The direct shear stress at the mean diameter
F 2F,
=t = = 77h
) (77)
The direct bearing stress
I 9
=4, ¢ — 2 (77¢
The net tensile stress through the wall
on =k, 2 (77d)

-+ 2Fu

OIRECTioN
OF MuzzLg ™

{b) THREAD DETAIL

FIGURE 352. Threaded Joint.

65



FIGURE 53. Rifling Torque Reactions.

where k. is the stress concentration factor. The
fillet bending stress is based on cantilever beam
analogy.

Fu(dt + C)
w*

Ty = 3/{7[

2 Rifling Torque Transmitters

140. To transmit rifling torque effectively from
tube to cradle and to prevent the tube from rotating,
cradle and tube are keyed together. The rifling
torque reacts on the key and bearing whose moment
arm extends from the key to the center o the
assumed triangular distributed load on the, pro-
jected diameter. According to Figure 53, the key
load is

T
04 = -
= (78)
where 7 is the maximum rifling torque obtained
from Equations 18 or 19. The shear stress on the
key and the bearing stress on the keyway are, re-

spectively,

=& 7¢
T i 79a)
F;
%, = 3T (79b)

where

h = depth of keyway
L = length of key
t = thickness o key

141. Recoilless tubes exert little or no external
forces. Both recoil force and generally rifling torque
are balanced by the nozzle discharge. Therefore,
supporting structures need only the rigidity and
strength necessary to support the weight and hold
the gun firmly in firing position. Light clamps or
rings around the tube or lugs integral with the
chamber provide attachments for the supports.
Ease o handling rather than strength becomes the
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design philosophy o the attachments. One o these
provisions, as with other gun tubes, is the gunner’s
quadrant flats shown in Figure S4. Each tube must
have flats on which to rest the gunner’s quadrant
during engineering tests. The flats are machined on
collars integral with the tube and are spaced be-
tween chamber and trunnions, but located as close
to the trunnions as convenient. The surface estab-
lished by the two flats must be parallel to the
trunnion axis laterally and to the bore axis longi-
tudinally.

3. Muzzle Attachments

142, Muzzle attachments comprise muzzle brakes,
flash suppressors or hiders, blast deflectors, and
sights. Sights at the muzzle are usually confined
to shoulder arms and machine guns and {it into
dove-tailed slots or are clamped around the tube.
Muzzle brakes, flash suppressors and blast de-
flectors are threaded or clamped to the muzzle.
Threads, being the better arrangement, may be the
interrupted type. If necessary, the wall thickness
at the muzzle is increased to keep the root diameter
within the limits commensurate with pressure-
strength requirements. Axial loads predominate and
are induced by recoil acceleration and propellant
gas pressure.

L. GUN TUBE MATERIALS

143. Gun tube material must have diversified
properties. It must have high strength to withstand
the high propellant gas pressures. [t must be ductile
to be able to respond favorably to the repeated
quickly applied and released loads. It must be re-
sistant to the erosive action of hot propellant gases
and the abrasive action of rotating bands. These
properties must be maintained throughout the
temperature range o —65°F to approximately
2000°F. The latter temperature is estimated as
that of the bore surface after continuous firing o a
machine gun. No one material meets all these re-
quirements. If one material has the needed strength,
it may be susceptible to erosion; if erosion resistant,
it may be too brittle. Combinations in the form of
liners and plating overcome these deficienciesto an
appreciable extent.

1. Steel

144, Alloy steel is the nearest approach to an ideal
gun tube material. Although some materials excel
it in ecrosion resistance, it responds favorably to
erosion activity when subjected to other than su-
stained automatic firing. Erosion resistant materials
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FIGURE 54. Gunner’s Quadrant Flats.

used ecither as liners or as plating on the bore surface,
increase tube life considerably. Alloy steel is un-
matched in strength but does iiot nccessarily have
the best strength-weight ratio in the tensile strength
range needed for gun tubes. However, massiveness
in gun tubes is not always unfavorable; heavy tubes
being correlated to low recoil accelerations. In this
respect, some compromise must be reached between
tube weight and recoil force.

Steel, like most other materials, undergoes a
change in strength at elevated temperatures. A
considerable loss in ultimate arid yield strengths
develops between 600° and 1300°F. The curves
in Figure 55 illustrate the progressive strength decay
with temperature rise for SAE 4150 and chrome-
moly-vanadium steels.* The low strengths may be
disturbing when one realizes that gun tubes reach
these high temperatures, particularly in: small arms
after sustained firing. However, because of tempera-
ture gradients across the tube wall stresses are in-
duced which function as autofrettage activity. These
stresses actually help relieve pressure stresses since
thermal stresses are compressive at the inside sur-
face. Furthermore, the time interval of load appli-
cation is short indicating that the strength of the
material at clevated temperatures is greater under
dynamic loading than it is under static loading.
This phenomenon is demonstrated in machine gun
barrels heated to temperatures where strength has
decreased by 90%, but apparently the barrel is
still strong enough to sustain the high pressures of
propellant gases. Although considerable research is
being conducted in the field of high rate-of-loading
sufficient progress has not been made to understand
and incorporate this phenomenon into a design
criterion.

145. Various steels are designated for the different
categories o gun tubes. Table 11 lists the chemical
requirements o steels generally used for tubes.

* Reference 34, pages 20 and 36.

Tubes made from heavy stock require a high degree
o hardenability so that the specified heat treat-
ment, can develop the desired properties in the in-
terior without developing excessive hardness on the
exterior. Iixireme hardness should be avoided to
prevent brittleness. Figure 56 shows mechanical
propertics corresponding to various tempering tem-
peratures. Best heat treating results are obtained
when the blanks are held vertically during heating
and quenching. With sufficient space between them,
this position assures each blank a 1miform exposure
to heat and coolant to produce steel of near homo-
geneous properties. Decarburization and formation
of adherent scale should be avoided. Heating should
be done in furnaces having controlled atmosphere.

146. Steels used for artillery and recoilless tubes
are similar to those of small arms except that the
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FIGURK 35 Effects of Temperature on Tensile Sirength of
SAE 4150 and Cr-Mo-V Sieels.
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TABLE 11. CHEMICAL REQUIREMENTS OF STEEL.
(Quantities shown in percent)

Steel C Mn P(Max) S(AMax) Si Cr Mo \Y%
ORD 1052 0.47-0.55  1.20 1.50 0.40 0.05 0.20-0.35 — — _
ORD 1155 Res* 0.50-0.62 1.30-1.65 0.40 0.05 0.09 0.20-0.35 - — —
ORD 4150 0.48-0.55 0.75-1.00 0.40 .04 0.20-0.35 0.80-1.10 0.15-0.25 -
ORD 4150 Rex* 0.47-0.55  0.70-1.00 0.40 0.05-0.09  0.20-0.35 0.80-1.15 0.15-0.25
Cr-Mo-V 0.41 0.49  0.60-0.90 0.10 0.04 0.20-0.35 080-1.15 0.30-0.40 0.20-0.30
ORD 4330V

(Mod Si)t (1.30-0.35  0.75-1.00 0.40 1.40-1.70  0.80-1.10  0.40-0.60 .08 0.12

* Resulfurized
1 1.50 — 2.00 Ni: developed specifically for recoilless tubes.

phosphorous and sulfur contents do not exceed 0.015
percent thereby reducing the machineability but
decreasing the brittleness. Processing the blanks
follows a routine similar to that for small arms tubes.
Tubular blanks are held upright with empty bores
during heating and quenching for a uniform ap-
plication of heat and coolant both internally arid ex-
ternally. When necessary, tube blanks arc straight-
ened while hot, by heating them to temperatures
which do not exceed the tempering tempcrature.

Although not subjected to as elevated tempera-
tures during firing as tubes in rapid fire weapons,
artillery and recoilless tubes nevertheless reach tem-

AN e
A\
AL

NORMAL IZED 1800°F
OIL QUENCHED 1500°F
ORAWN FOR | HOUR

o
Q
o

STRENGTH (I00Q b/ in?}
3

N\
X

00 .
300 500 700 900 1o 1300 1500

TEMPERING TEMPERATURE {°f)

FIGURE 56. Effects of Tempering Temperalure on Tensile
Strength of SAFE 4150 Steel.
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peratures at which significant strength reductions
occur. Figure 57 shows the effects of temperature
on two gun steels. In conjunction with these curves,
Table 12 lists the required reductions of area at
ambient temperature and the Charpy V-notch im-
pact requirements at —40°F for various ranges o
yield strength for the modified SAE 4330 steel.

Other useful information includes thermal con-
ductivity, specilic heat, linear coefficient of thermal
expansion, and the heat transfer coefficient. These
are defined as

k, Btu/sec/ft*/°I"/in, thermal conductivity
¢, Btu/lIb/°F, specific heat

a, in/in/°F, coefficient of linear expansion
h, Btu/hr/ft*/°T, heat transfer coefficient

Heat transfer coefficients for various size tubes
at various temperatures appear in Table 13. Curves
for k, ¢, and « are plotted in Figure 58. Because all
physical property data for gun steels are not avail-
able, the values shown by the curves are those for
SAE 4130 and 4140 steels” and may be considered
as applying to gun steels as well. Differences in
properties which may exist between those shown in
the curves and those of gun steels will not be so
large as to affect tube design.

2. Titanium Alloy

147. Titanium alloyf, as gun tube material, has
some favorable qualities particularly for recoilless
gun tubes where it has been used successfully. Some
alloys have tensile strengths of over 160,000 psi.
Titanium is 40 percent lighter than steel. At am-
bient temperatures, it is resistant to most corrosive
media. It is readily shaped and heat treated. In-
creasing temperatures to 800°F increase toughness,

* Reference 35, pages 218 and 221.
1 Reference 37.



TABLE 12. REDUCTION OF AREA AND IMPACT REQUIREMENTS.

1330V (Mod

+ Si) Steel

Percent Reduction of Area

Impact value at —40° ft-1b.

Yield Average Min. Single Value Average Min. Single Value
Strength

1000 psi Trans. Long Trans. Long Trans. Long Trans. Long
fos 27 39 18 30 12 25 8 21
25 38 17 29 11 23 8 20

}’;(5) 23 38 16 29 10 21 7 18
21 37 15 29 10 19 7 16
180 20 37 14 29 10 17 - 14
}g(s) 20 36 14 28 10 15 j 12
195 20 36 14 28 10 15 12
200 20 35 14 27 10 15 Z 12
205 20 35 14 27 10 15 12
210 20 35 14 27 10 15 7 12
215 20 35 14 27 10 15 7 12
220 20 34 14 26 10 15 7 12
275 20 34 14 26 10 15 - 12
230 20 34 14 26 10 15 7 12

* The upper limit in cach range is one less than the lower limit in the succeeding range, e.g., 160-—164, 999,

but tensile and yield strengths decrease, while the
modulus o elasticity remains practically unaffected.
The effects of aging processes on tensile strength are
shown in Figure 59. Titanium also has many limita-
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FIGURE J57. Effects o Temperature on Tensile Strength o
Typical Steels for Recoilless Tubes.

tions. It is a poor thermal conductor and therefore
susceptible to high thermal stresses. Mechanical
properties vary considerably, even within lots. Cor-
rosion resistance at high temperatures is poor.
Above 800°F, titanium has poor retention of me-
chanical properties (Figure 60). The coefficient of
sliding friction is high while sliding surfaces gall
and scize, wear poorly, and resist lubrication. Except
for recoilless applications, these deficiencies render
titanium practically useless as tube material. Not
only in the origin of rifling region where tempera-
tures are high and the severe abrasion o engraving
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takes place, but also in the rest of the bore the
erosion rate is extremely high under normal firing
conditions. Unless given a protective coating of some
sort, titanium tubes are worthless. Since no satis-
factory method for applying adherent coatings has
been developed, any bore surface protection must
be provided with liners.

For recoilless application, the advantages o
titanium outweigh the disadvantages. Recoilless
tubes erode at a rate less than either artillery or
small arms tubes primarily because engraving action
is eliminated by pre-engraved rotating bands and
the propellant gases move at relatively low veloci-
ties. Low firing rates also keep temperatures at
levels where tensile strength and erosion resistance
are maintained. The adequate erosion and strength
properties can be maintained only in the chamber
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and bore. In nozzles where gas velocities are con-
siderably higher, titanium surfaces wear away
rapidly. However, the protection offered by thin
steel liners inhibits rapid erosion thereby converting
the otherwise vulnerable titanium nozzle to onc as
effective as steel.

148. The chemical composition of titanium alloys
should be selected and specified to meet physical

TABLE 13. HEAT TRANSFER COEFFICIENTS, A*
(For Horizontal bare steel tube in atmosphere at 80°F)

Tube At, °F,, Temperature Difference from Tube Surface to Air
OD —— —_— —
(in) 50 100 150 200 250 300 100 500 GOO TOO 800 900 1000 1100 1200
96 212 2.48 2.76 3.10 3.41 3.75 4.47 5.30 6.21 7.25 8.40 9.73 11.20 12.81 14.65
132 2.03 2.38 2.65 2.98 3.29 3.62 4.33 5.16 6.07 7.11 8.25 9.57 11.04 12.65 14.48
2.38 1.93 2.27 2.52 2.85 3.14 3.47 4.18 4.99 5.80 6.92 8.07 9.38 10.85 1246 14.28
4.45 184 2.16 2.41 2.72 3.01 3.33 4.02 4.83 5.72 6.75 7.89 0.21 10.66 1227 14.09
8.63 1.76 2.06 2.29 2.60 2.89 3.20 3.88 4.68 5.57 6.60 7.73 9.05 10.50 1210 13.93
12.75 1.71 2.01 2.24 2.54 2.82 3.13 3.83 4.601 5.50 6.52 7.65 8.95 10.42 1203 13.84
24.00 1.64 1.93 2.15 2.45 2.72 3.03 3.70 4.48 5.37 6.39 7.52 8.83 10.28 11.90 13.70

* Reference 36. page 179.
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requirements. Interstitial impurities such as carbon,
hydrogen, nitrogen, and oxygen if present in more
than a few tenths of one percent promote brittle-
ness and notch fatigne. Generally the maximum
impurities tolerated are: carbon, 0.059%; hydrogen,
0.019; nitrogen, 0.049%,; oxygen 0.199;. Mechanical
properties are obtained by heat treatment so that
the values arranged in Table 14 will correspond with
the specified strength limitp.

3. Aluminum

149. Aluminum tubes (cal. .50) have been tested
for expendable weapoiis. They were not durable,
just a few fired rounds removed the rifling completely
from the bore. By being able to last for several
rounds, aluminum tithes are well suited for the ex-
pendable weapon. Pre-engraving may extend its
life a little longer but, to prolong its life appreciably,
the aluminum tube must be lined or plated with
erosion resistant material. Even so, aluminum alloy
tubes are limited to moderately elevated tempera-
tures arid hence, to slow fire. Some of the alloys
weaken appreciably at 200°F; others maintain their
strength fairly well to 400°F. Both temperatures
are exceeded during extended firing, consequently
discouraging the use o aluminum for gun tubes
for any but special cases.

4. Plastics

150. As gun tube material, plastics, in thcir present
state, arc in the same category as aluminum, i.c.,
restricted to special applications such as the expend-
able tube. Plastics have poor retention of strciigth at
moderately high temperatures but improve in this
respect when reinforced with fibrous glass. At least
one sporting gum currently on the market has a fiber-
glass barrel with a steel liner. Others are in the
experimental stage. However, no data arc available
on their ability to withstand the high temperatures
generated by prolonged, rapid fire.

In general, fiberglass reinforced plastics, FIRP,
offer many advantages that may be applicd to gun

TABLE 14 MINIMUM MECHANICAL PROPERTY
REQUIREMENTS OF TITANIUM ATLOYS,
(MIL-T-16038)

Ave Ave V-notch
Yield Strength Ave Reduction  Charpy Impact
(0,109, offset)  Elongation of Area (—40°F)
1000 psi % % ft-1h
]15(?* 14 29 15
) 12 26 12
140 .
150 11 23 11
160 10 21 10
170 8 18 8
8 18 8
180 7 16 7
190 2 14 =
‘
200 G 13 6
210

The upper limit in each range is onc less than the lower limitl in the
succeeding range, e. ., 120,00010 129.999.

tubes, provided that steel or other type liners are
used to weather the erosive activity of propellant,
and projectile. These advantages arc summarized:

1. relatively high strength

2. high strcngth-weight ratio

3. usable in temperatures as high as 400" to 600°F
4. high impact strength

low specific gravity

6. chemically resistant

7. low cost

A

A review of the varions resin types indicates that
phenolic resin offers the hest properties as gun tube
material.* Table (5 shows the relative properties
of several representative gun tiibe materials, in-
cluding the specific strength and the ratio of tensile
strength to specific gravity. The values in Table 15
are not optimum for the various materials, but are
shown as mere approximations o one type o each
material. Note that, the plastic niatcrial far sur-

*Table 10, Reference 38.
t Table 13, Reference 38.

TABLE 15. PROPERTIES OF REPRESENTATIVE: GUN TUBE MATERTALS.

Specifie Actual
Gravity Mod of Elasticity Tensile Rte, Specifie Str.
Material sp. gr. £ X 1078 psi psi T'S7sp. gr. ps
FRP 1.9 5.7 152,000. 80,000.
Aluminum 2.7 9.7 81,000. 30,000.
Titanium 4.5 16.2 126.000. 28,000.
Steel 8.0 29.0 240,000. 30,000.
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TABLE 16. THERMAL COEFFICIEKT OF LINIEAR
EXPANSION OF STELLITE 21*

Temp. Range a X 108 Temp. Range a X 108

°F per "F °F per °F
70-600 7.83 70-1500 8.68
70-800 7.96 70-1600 8.72
70-1000 8.18 70-1800 8.90

*
Reference 35, page 429.

passes the metals in specific strength. A titanium
alloy is available with tensile strength of 200,000 psi.
Its specific strength of 44,000 psi is better than steel
but still far below that o the glass fiber reinforced
plastic.

5. Stellite

151. Of the various high temperature resistant
materials tested for small arms tube liners, Stellite
has the best properties. Because of its high melting
point and resistance to erosion, more rounds can
be fired at faster rates than with other materials.
Stellite 21 (MIIL-C-13358) is the liner material cur-
rently being used. Although Stellite is brittle at
ambient temperatures, the steel tube cover prevents
expansion and resulting failure. At high tempera-
tures, the mechanical properties of Stellite arc
ideally suited for liners. Tensile strength ranges
from 120,000 psi at 70°F to 33,000 psi at 1800°F,
Ductility improves with increase in temperature.
Blank liners are received as tubular castings which
are precision machined to fit the tube. Stellite liners
are restri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>